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INTRODUCTION

Matrix methods are used extensively in the analysis and
design of aircraft structures. Although methods have been
developed for both isothermal and thermal analyses, experimental
verification of these methods for thin-wall structures is not
available. The purpose of the investigation described in this

report was:

1. To design and test on integrally stifiened rectangular
shear panel (Figure 1),

2. To develop analytical procedures for shear panels
subjected to thermo mechanical loading, and

3. To compare the analytical and experimental results to

evaluate the accuracy of the analysis methods.

The panel has been designed and tested under mechanical
loading. There is good agreement between the analytical and
experimental results. It is also shown that any of the matrix
methods of structural analycis investigated have the same order
of accuracy when they are applied to the same mathematical model.

The body of the report precents a summary description of
the methods of analysis which were investigated, the design of
the test panel, the experimental program, and the analytical
and experimental resuits. The details of the analysis methods
and the digital computer programs developed to implement the
use of these methods on the test panel are giver in the appendices.

The thermal investigation has not been completed. The
progress on the various phases of this investigation is presented
in the appropriate sections of the bedy of the report. Appendix
D presents the significant analytical results to date. This
investigation is being continued as a thesis project by Mr.

R.G. Merritt.
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the analytical results which are compared with the experime..tal
data. This program doa2s not at present include provisions for
a thermal analysis.

Both the force analysis and the displacement were performed
with the Force/Displacement Program described in Appendix B.
It is also shown in this appendix that not only do the force
and displacement methods yield essentially identical results,
but these results agree with those given by the direct stiffness
method. This excellent agreement is, of course, directly related
to the fact that identical mathematical models of the test panel
were used for all three analyses. This means thaet the accuracy
of the results of a matrix structural analysis depend only on
the accuracy of the mathematical model and not on the method
of analysis. In fact, Przemieniecki (Reference 6) suggests
that if the substructure method iz used, different parts of a
structure may best be analyzed using different methods. A
force method for calculating the displacements and internal
forces due to initial strains is given in Appendix C. This
will be expanded to include the displacement method for the

thermal analysis.

TEST PANEL

The test panel is of monolithic construction and is
symmetrical with respect to the plane of the web. Monolithic
construction was selected because it eliminates both joint
friction and joint thermal resistance; neither of which can
be accurately accounted for in the analyses. Although most
actual thin-wall structures are not symmetrical about the
web plane, the analysis methods assume such symmetry. Therefore,
this construction is ideally suited for obtaining experimental
data for comparison wilh ilie analytical results.

The geometry of the test panel was dictated primarily by
the results on the heat transfer study. Mr. D.E. Hull conducted
this study and presented a paper on the results as a partial
requirement for his undergraduate degree. Mr. Hull's report
is given in Appendix D of this report. The purpose of this

study was to obtain a geometry that would have nearly constant
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temperatures over the area cf each stringer and over the
length of each panel and, at the same time, a relatively
large difference in temperature between the outboard stringer
and the centerline of the panel. The geometry selected
satisfies these requirements.

The only geometric considerations which influenced the
design for mechanical loading were the overall length of the
panel and the lug design. The panel length was limited to
approximately twenty-four inches by the open height of the
testing machine. The lugs were designed for a limit load of
13,000 pounds. However, the applied loads were limited to
approximately 7,500 pounds, giving a factor of safety of 2.4.

The material selected for the test panel was 6061-T6
alum.num alloy plate. Aluminum alloy tool and jig plate was
investigated and found to have not only low physical properties,
but also a nonlinear stress-strain curve.

The panel was machined in the Wichita State University
Engineering Machine Shop. The largest available mill was not
large eronugh to allow milling one entire side without moving
the panel. Tt was also necessary to fill the panels with
water during the final cuts on the web to prevent thermal buck-
ling. However, the desired thickness of the web was maintained
within a tolerance of plus 0.0015- and minus 0.0005-inches,
and the overall thickness was within plus 0.001- and minus

0.000-inches of the values specified in Figure 1.

TEST FIXTURES

The mechanical loading was performed in a 160,000 pound
Tinus-Olsen Universal Testing Machine. The test panel is
shown mounted in this machine in Figure 2. During the preliminary
tests, it was discovered that a cconstant load could not be
maintained with the loading system of the testing machine. It
was then necessary to design a seperate loading system for
the final tests. Two Blackhawk hydraulic cyliinders with a total
capacity of 28,000 pounds were mounted on the upper crosshead of
the testing machine (Figure 3). A linkage was designed to

transmit the load from the hydraulic cylinders, through the




opening in the crosshead, to the whiffle-tree system. The
load was applied and maintained with a hand-operated hydraulic
pump,

The whiffle-tree systems are both shown in Figure 2 and
the upper system is also shown in Figure 3. The upper system
was designed to apply equal loads at all four of the lugs along
the top of the panel. Its compact design was necessary because
of the limited vertical clearance of the testing machine. Loads
are applied only at the inboard stringers along the bottom of
the panel.

The thermal tests will noc be performed in the testing
machine, but in a special fixture being fabricated for these
tests. Two Conrow SNH strip heaters will be used to radiate
heat to the edges of the outboard stringers. All other stringer
and rib faces will be insulated. The web panels will be cooled
by forced convection to produce the desired temperature distribu-

tion (Appendix Dj.

STRAIN GAGES

The strain gages used on the panel are Budd mediuaw
temperature (MT) foil strain gages. The axial gages on the
stringers are Type Cl2-124-A and the rosettes are Type Cl2-
124-R3C. These gages have a one-eight inch gage length and are
recommended for temperatures up to 400°F for static loading
conditions. The strain gage mounting pattern 1s shown in Figure
1.

The cement finally selected for bounding the strain gages
was Bean BAP-1. Budd GA-50 . as used for the gages installed
prior to the preliminary tests. A previous experience had con-
vinced the author that both the strain gages and the cement
should be purchased from the same manufacturer. It was discovered
subsequently to the preliminary tests that the cured cement
contained microscopic bubbles. The manufacturer's sales
representative was consulted and modifications to the installation
procedure were made. When these modificatinons did not eliminate
the bubbles, a new batch of cement was obtained. The results

were the same. A technical representative of the Budd Company




was finally consulted and it was learned that the GA-50 cement
had beern discontinued. The decision was then made to use the
BAP-~1 cement..

INSTRUMENTATION

A Budd-Datran 20-channel Automatic Strain Indicating System
was originally proposed for strain gage data collection. A
Clary digital printer owned by the University was to be used as
the output device for the system. However, this printer could
not be used without major modifications. This would have
increased the total cost of the system to an amount well in excess
of the budgeted amount. As a result, the decision was made to
go to a manual system.

The manual system selected consisted of 2 Budd Model P-350
Portable Strain Indicators and 13 Budd Model SB-1 1l0-channel
Switch and Balance Units. This system was purchased and was
used in the preliminary tests. Subsequently, Mr. D.E., Hull and
Mr, Marvin Davidson, our wind tunnel director, modified one of
the P-350 Strain Indicators so that it could be coupled, through
a Dayton Instruments Model DI-6-54 digital converter, to an
IBM 526 Printing Summary Punch. Two views of the system are
shown in Figures 4 and 5. Manual switching and balancing is
still necessary; however, the strain indicator readings are
punched into cards-ten per card.

Each of the switch and balance units is connected to nine
gage elements-~the nine axial gages on one side cf a stringer or
three vertically aligned rosettes on a web panel. Due to the
large number of gages, the load must be applied and released
four times for a complete set of gage readings. To facilitate
rapid and accurate switching between runs, each switch and
balance is permanently wired to an Amphenol No. 26-190-32
connector and each set of nine gage elements is wired to a
mating No. 26-159~32 connector.

It was originally proposed that the temperatures would be
measured with standard thermocouples bonded to the test panel.
The possibility of measuring the temperatures with a surface

gage are now being investigated in order to avoid adding additional
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wires to the panel.

EXPERIMENTAL RESULTS

The mechanical loads were applied as shown in Figure 2.
Four equal loads were applied at the nodes at the top of the
panel. These were reacted by two equal loads at the inboard
stringers at the bottom of the panel. The loads were applied
in increments of 3,000-4,000 pounds up to a maximum load of
approximately 15,000 pounds. The load was then decreased using
approximately the same increments. Due to the difficulty in
applying the load uniformly with the hand pump, no attempt was
made to use precise increments; however, it was possible to
maintain a constant load within plus or minus 100 pounds while
a set of nine strain gagaes was being balanced and recorded.

The experimental results are shown in Figures 6-8, along
with the analytical results of the direct stiffness analysis
(Appendix A). The experimental points in these figures represent
the strains in the vertical direction--e¢ in Tables A-3 through

A~5, Strains are plotted, rather than stresses for two reasons:

1. The stresses at the location of a strain rosette
cannot be calculated if any of the elements in the

rosette are inoperative.

2. Since strain readings normally have only two or three
significant figures, while at least eight significant
figures are carried in the analysis, it is more

accurate to manipulate the analytical results.

A large number of the strain gages were damaged keyond repair
during the installation of the lead wires. The stringer gages
were particularly easy to damage although brackets were used
toO support the panel while the lead wires were being installed.
As a result the number of experi .ental points in the figures

is fewer than is desirable. The solid circles represent the
average strain for back-to-back gayes, while the open cirles
represent the strain at points where one of the back-to-back
gages was inoperative.

Each of the plots in Figures 6-8 represents the strains




along a horizonrtal line of strain gages. The locations are
specified in the sketches on the figures. The ordinates in
the figures are the microstrain per pound of lcad applied to
each inboard stringer. The analytical results (Tables A-2
throcugh A-5) are tabulated in essentially this form. The
experimental results were reduced to this form by using the
slope of a least-~squares straight line through the data.

There is generally good agreement between the analytical
and experimental results. The only explainable differences are
those for the line of gages nearest the bottom of the panel.
It appears that the loads are transfered from the stringers
to the web more rapidly than the analytical solution can predict
with the subelement size used here. 1t would be better, therefore,
to have smaller subelements in this region. This is not possible

with the present computer configuration.

CONCLUSIONS

The following conclusions can be drawn from the results of
this investigation:
1. The mathematical model of the test panel used for the
direct stiffness analysis was sufficiently accurate
to providz good agreement between the analytical and

experimental results.

2. The force and displacement methods could have been

used with equally accurate results.

3. The derivation of the recurrence relationship for
initial strains extends the recurrence method of

Pestel and Leckie to include thermal loading.
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Figure 1. Test Panel Geometry.
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Figure 2. Test Panel Mounted in the TeSting Machine
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Loading System and Upper Whiffle-Tree

Figure 3.
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APPENDIX A

THE DIRECT STIFFNESS ANALYSIS PROGRAMS

The Direct Stiffness Analysis Programs, arbitrarily named
DOCRA, were developed to analyze the test panel using the method
presented by Turner, Clough, Martin, and Topp in Reference 7.
There are four versions of the program: however, only the version
(DORA IV) used to obtain the results to be compared with the
force/displacement results (Appendix B) and the experimental
data will be deccribed in detail. The only inputs required are
the geometry and physical properties of the structure and the
external loads and constraints on the structure. The outputs of
the program are the displacements of the nodes. An auxiliary
proegram was written to calculate the strains in the stiffeners
and the webs from the nodal displacements.

The direct stiffnegs method of Turner, llough, Martin, and
Topp is the simplest of all the methods of matiix structural

analysis. It is based on the fcllowing:

1. The force-displacement relationship for each

element in a structure can be expressed as

{F} (K] {u} (A-1)

where

{F} = the column matrix of the nodal forces
on the element. All nodal forces are
inciuded. In the displacement analysis
of Appendix B; only a subset of independent
forces are considered.

{u} = the absolute nodal displacements of the
element. In the displacement analysis
only the displacements relative to a
set of reference axes in the element are
considered.

[K] = the element stiffness matrix. This matrix,
sometimes called the unreduced stiffness

matrix, is singular. The reduced stiffness

matrix used in a displacement analysis 1is

A-1




derived from the unreduced stiffness
matrix by the elimination of specified
rows and columns.

2. The force-displacement relationship for each element

in a structure, Equation (A-1), can be expanded to

the order of the assembied structure stiffness matrix
by adding rows and columns of zeros for the nodal
displacements that are irrelevant for the element

in question. These expanded element stiffness matrices
can then be added to obtain the stiffness matrix of
the assembled structure. The resulting force-
displacement relationship is of exactly the same

form as Equation (A-1), but the force vector re-
presents the external forces at the nodes. Martin
(Reference 4, Section 2.6) has an excellent discussion
of the assembling of the stiffness matrix.

The method of expanding each element stiffness matrix to the
order the structure stiffness matrix is not practical for machine
computation. Even if only one element was considered at a time,
the storage required would be cwic2 that required for the
structure stiffness matrix. It is relatively easy, however, to
determine the position in the structure stiffness matrix for
each element in the element stiffness matrix. Thus, when an
element stiffness matrix has been obtained, its elements can be
added into the proper position in the structure stiffness matrix.
This latter method is used in all versions of DORA.

The stiffness matrix of the assembled structure is singulaz.
It must be made nonsingular so that an inversion may be per-
formed to obtain the displacements in terms of the external

forces, i.e.,

{u}
where (C]

(C]{F} (A-2)
the flexibility matrix of the structure.

There are two practical procedures for obtaining the flexibility

matriv.:

1. The 1rows and columns of the stiffness matrix

coriespornding to the external constraints on the

vt -y




structure can be eliminated. This nonsingular
reduced matrix can then be inverted. Finally,
the flexibility matrix can be obtained by ex-
panding back to the original order and inserting
zeros in the rows and columns corresponding to
the constraints.

2. All but the diagonal elements in the rows and

columns corresponding to the constraints can be
set to zero and the diagonal elements can be
set to unity. This matrix is nonsingular and
can be inverted. Then the ones on the diagonal
corresponding to the constraints can be set to
zero.
The second procedure is used in DORA primarily because it is
easier to program for arbitrarily specified constraints.

Once the flexibility matrix has been determined, the nodal
displacements may be calculated from Equation (A-2). These
displacements may then be substituted into the element force-
displacement relationship, Equation (A-1), to obtain the nodal
forces.

Several versions of the program were necessary because of
the limited size of the available digital computer. An IBM
1620 with 40,000 positions of core storage and card input-
output was used (all work prior to January, 1966, was done on
the same machine with only 20,000 positions of core storage).
The programs are all written in PDQ Fortran. This programming
system was selected because it requires less core storage for
the subroutines than do any of the IBM Fortran systems. It is

also faster than the IBM Fortrans, but this is a secondary
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added to the computing system. The entire set of programs can
then be comkined and enlarged.
As mentioned above only DORA IV will be described in detail,

however, the other versions can be summarized as follows:

DORA I
This program was written to demonstrate the feasibility of

generating the ass~mbled structure stiffness matrix as outlined

A-3




above. Only structures with bar and/or beam elements can be
analyzed with this program. These elements were chosen because
there are many truse, continucus beam, and frame examples in
the literature which provided results for checking and debugging
the program. This program definitely proved the feasibility
of the method. However, in order toc make it a one-part program,

the structure 1s limited to fourteen nodes.

DORA II
The program was broken down into parts and triangular and
rectangular plate elements were added. The maximum number of

nodes is limited to sixteen.

DORA TIIL

Trapezoidal plate elements were added to the program and
the beam elements were eliminated. The elimination of the beam
elements reduced the number of degrees of freedom at each node
from three to two. However, th. cart of the program which
generated the flexibilities of the trapezcidal plate elements
was very large, so that the maximum number of nodes is limited

to twenty.

DORA IV
The trapezoidal plate element was eliminated and the maximum '
number of nodes was increased to twenty-five. This is large
enough for the analysis of the test panel. Since this is the
version used for the analysis of the test panel, it will be
described in more detail. The program is divided into six parts--
Initialization, Bars, Triangular Plates, Rectangular Plates, and
Matrix Inversion and Output. A program listing is given in
Table A-1. The purpose and use of each part is as follows:

Initialization. The number cf ncdes, Young's Modulus,

Poisson's Ratic, and the x- and y-coordinates of the nodes are

read and stored. They are also repunched, with appropriate

headings, for identification and debugging purposes. The size

of the structure stiffness matrix is calculated and the elements

of this matrix are set to zero. ,

Bars. The data car’s for all of the bar elements in the

structure are the input to this part of the program. If the



structure does not contain bar elements, this part of the
program is not loaded. £Each bar is described on one card. The
numbers of the two nodes which the bar connects, the area of
the bar, and a control code must be specified. The control ccde
for each card except the last is a zero. A one in the last card
causes the next program part to be read after the last element
has been processed.

The bar stiffness matrix was taken from Reference 7. The
order has been changed so that the x- and y-displacements of
the first node preceed thcse of the secon! node. There are
no restricticons on the numerical order of the nodes, i.e., the
numbar of the first node may be higher or lower than the number
of the second node.

Triangular Plates. The input to the triangular plate pro-

gram consists of cards containing the three node numbers, the

thickness, and the control code (See "Bars"). This stiffness

matrix was also taken from Reference 7. Rearrangement was not
necessary. The rodes may be specified in any crder.

Rectangular Plates. The numbers of the four nodes, the

thickness, and the control code (See "Bars") must be specified
for each rectangular plate. The order of the nodes is important!
The required order is lower left, lower right, upper left, and
upper right.

The rectangular plate stiffness matrix was taken from
Reference 1, P. 50. The shear and direct stress stiffness
matrices were combined and rearrandged in the node order specified
above. Argyris' stiffness matrix was chosen over the one given
in Reference 7 because it is compatible with the trapezoidal
plate stiffness matrix used in DORA I1I. Belirgen (Reference 2)
has shown that either cf these stiffness matrices gives satisfactory
results for the type of structure being considered.

Matrix Inverse and Output. The primary purpose of this part

of the program is to invert the stiffness matrix of the assembled
structure. However, this matrix must first be made nonsingular.
The constraints are specified with a data card for each constrained
node. The data cards contain the ncde number; the x- and y-
constraint codes, and the control code (See "Bars"). The con-

straint code is 1.0 for a constrained displacement and 0.0 for

A-5




an unconstrained displacement. After each card is read, the
row(s) and column(s} in the stiffness method corresponding to
the constrained displacement(s) are modified by the method
outlined previously. When all constraints have been imposed,
the stiffness matrix is inverted to obtain the flexibility
matrix.

The loads on the structure are specified similarly to the
constraints. A card is read for each node with at least one
external load. The card contains the node number, the x- and
y-loads, and the control code (See "Bars"). Both loads must
be specified although one of them may be zero. The loads are
placed in the load vector [F); and after the last card is read,
the displacements are calculated using Equation (A-2). The
displacements are then punched into cards. The x- and y-
displacements (u and v) of each node, including the constrained
nodes, are punched.

The stiffness matrix is replaced by the flexibility matrix
during the inversion; therefore, the stiffness matrix must be
reassembled in order to study the effects of different external
constraints on a structure. This will not be necessary when
the disk drive becomes available since the stiffness matrix
may be stored on the disk and recalled when needed. The effects
of any number of loading conditions can be studied by generating

a new load vector, i.e., by reading in a new set of load cards.

Examgles

Four panel configurations were analyzed using DORA 1V
(Figure A-1l). Since the test panel was loaded symmetrically,
only one half of the panel 1s analyzed. The roller constraints
along the centerline of the panel maintain the symmetry of
lateral displacement, but allow longitudinal displacements. The
constraint on the lower edge represents the load applied with
the lower whiffle tree.

Panel Cornfiguration I 1s also analyzed by the force and
displacement methods and the results are compared (Appendix B).
The results are given in Table A-2. The other three configura-
tions could ncu be analyzed with the Force/Displacement Program

due to the large number of internal forces and deformations.




Panel Configurations II-IV were analyzed to obtain
stiffener and web strains for comparison with the experimental
data. Due to the size limitations of the computer, it was not
possible tc use one configuration with small enough subelements
to provide strains which would compare favorably with the
experimental data. Therefore, Configurations II, III, and IV
were vsed to obtain strains in the upper, center, and lower
panels, respectively. The vertical dimensions for the smaller
subelements (Nodes 1-16) were selected so that the line of
strain gages was aiong the horizontal centerline of the elements.
The results are shown in Tables A-3 through A-5.

The present versions of DCRA do not have provisions for
calculating stresses or strdains. A special program was written
to calculate the axial strains in the stiffener elements and
the direct and shear strains at the center of the web elements.
A listing of this program is given in Table A-6.

The method used here for obtaining the strains for comparison
with the experimental data yields satisfactory results and
could undoubtedly be used successfully with most other types
of structures. However, a substructure method, such as the one
presented in Reference 6, would certainly yield more accurate
results. The capability has not, as yet, been incorporated into
DORA.

A




STSATeUY SS9UJJITIS 30917 IC; SUCTIRINDTIUOD Taueg T-VY

LLLSLL
he A WMN # 1¢

/ e
', Z %., .&mek;mm rA A U z7
TWl L wllu
zi_fui_Joi_|e
91 ls1 w1 Je1 f ¢ 2 #M 6¢ tel (61 (ot
8 L 9 3
— ] _
ANER L e
Yll p—
0z et lst |¢= st Jost [nt et f : 4 1
A I3 ! _o S
7, —_—— —
o1 T
1 i1 (U S
vl ———
wz etz lze {1¢ Adoc et {81 {1 A 191 s1 a1 ol
1 1 { Y Y f
G*0 5°0 $°0 G°3 S0 S°0




NN N¢ e N e NS

O 00

OO0 00

a0

(@]

10

26

25

TABLE A-1

DORA PROGRAM LISTING

DURA 1V - BARS ANO PLATES

INITIALIZATION - 25 NODES
P 2 TR IR s R R 2 S I T X RIS SR LS S

EalLe COOK - MAY 1966

(EXCERPT TRAPEZOIDAL)

2 DEGREES OF FREEDOM

COMMON NO'NOX+EsVaSTIFF(50450)4X(2534Y(25)

PUNCH AND PRIMT DORA

CONTROL 102
PUNCH S44
PUNCH 999
PRINT 944

v HEADING

PRINT PROGRAM SWITCH 2 OFF MESSAGE

1F SENSE SWITCH 2 1S *ON¥,

ARE BYPRPASSED.

CONTROL 102
PRINT 950

PUNCH NODESs MODULUS.,
PUNCH 999Q
PUNCH 955
PUNCH 956
PUNCH 999
READ NUMBER OF NODES.,

READ 901 +NOWEWV
PUNCH 901 sNOWE+V

THE MESSAGES AT THE END OF THE PROGRAM

AND RATIO HEADINGS

YOUNG#*S MODULUS.

PUNCH COORDINATE HEADING

PUNCH 999
PUNCH 999
PUNCH 960
PUNCH 999

READ NODE NUMBER+ X COORDINATE

DO 20 J[=1+NO
READ 902+l eX{1)sY (1)
PUNCH 902¢1eX(1)aY (1)

NOX=2#%ND

DC 25 I=1+NOX
DO 25 J=1+NOX
STIFF{1+J)=040

ALINK=LIMK(!,0)

AND Y COORDINATE.

AND POISSON*S RATIO



901
902
944
950
@55
956
960
999

TABLE A-1 (CONTINUED)

FORMAT (1 3+2E1648)

FORMAT(13+2E1648)

FORMAT(42H DORA 1V - 25 NODES - 2 DEGREES OF FREEDOM)
FORMAT(26H TURN PROGRAM SWITCH 2 OFF)

FORMAT{SHNO OF « 3X¢8H YOUNG*S+7Xs 10H POISSON%*S)

FORMAT (SHNODES+3X+8H MODULUS:9X+6H RATI10)

FORMAT(SH NODE+6Xe2H Xel1a4Xe2H Y)

FORMAT (1H )

END
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TABLE A~1 (CONTINUED)

DORA 1V - BARS AND PLATES (EXCERPT TRAPEZOIDAL)

BARS - 25 NODES - 2 DEGREES OF FREEDOM

IZE S22 E XSS S RSS2SR 22202 S 2L ¥

30

»
[0}

EeLs COOK =~ MAY 1966

COMMON NO(NOX+EsV+sSTIFF(50450)1+4X(25}1eY(25)
DIMENSION ESTIF(4+4)

PUNCH HEADINGS

PUNCH 999
PUNCH 999
PUNCH 901
PUNCH 999
PUNCH 902
PUNCH 999

READ THE NUMBERS OF THE TwO END NODESs THE AREA,
FOR WHICH IT IS 1.

READ 90321 4J¢ARWKK
PUNCH 903+ 1+JsAR

XJ1=X(J)y=-X(1)
YJl=Y(J)=Y (1)
SUI=SARTF(XJI¥XJII+YJII*YJL)
A=LAMBDA AND uU=MU
A=XJ1/75J1

ASQ=A*A

usYJ1/5J1

usSQ=U*U

AU=A*Y

AEL=AR¥*E/SUI
ESTIF(1+1)=REL*ASQ
ESTIF(14+2)=AEL*AU
ESTIF(1e¢3)=—-ESTIF(141)
ESTIF(1+44)==ESTIF(1+2)
ESTIF(2+2)=AEL*USQ
ESTIF(2:3)=ESTIF(14+4)
ESTIF(2+4)Y==ESTIF(2+:2)
ESTIF(3+3)sESTIF(1+1)
ESTIF(3+a)zESTIF(14+2)
ESTIF(4+4)=ESTIF(2+2)
DO 40 K=1.4

DO 40 L=Ksa
ESTIELL oW ) =ESTIFE (K}
DO 50 K=142
KIzsK+2%(1-1)
KJ=K+2%#(J~-1)

AND THE CONTROL
CODE. THE CONTROL CcODE 1S O FO aALL MEMBERS EXCEFT THE LAST ONE.

~




&

50

60

890

901
902
G03
999

TABLE A-1 {(CONTINUED)

DO 50 L=ls2

LI=L+2%(1~1)

Ld=L42#(U~-1)
STIFF(KL+LII=STIFF(KTIWLII+ESTIF(K L)
STIFF(KIWLII=STIFF(KIALUIFESTIF(K L+2)
STIFFI(KJWLII=STIFF(KJeLII+ESTIF(K+2.L)
STIFF(IKI e LUII=STIFF(KJWLI)HESTIFIKE24L4+2)
IF(KK)YBI90430460

ALINK=LINK([e0)

STOP

FORMAT (4HBARS)

FORMAT (6H NODES6XeSH AREA!}
FORMAT(213+E1648413)
FORMAT(IH )

END

R ] . ———an . PR, m——
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TABLE A-1 (CONTINUED)
DORA Iv - BARS AND PLATES (EXCEPT TRAPEZOIDAL)

TRIANGULAR PLATES ~ 2% NODES - 2 DEGREES OF FREEDCM

(2222232222 R s s 2R 22 2 Y a2 RS2SR T

EeLe COOK -~ MAY 1966

COMMON NONOXeE+VeSTIFF(50450)+X(25)+Y(25)
DIMENSION ESTIF(64+6)

NDOF =2
PUNCH HEADINGS

PUNCH 999
PUNCH 999
PUNCH 901
PUNCH 999
PUNCH 902
PUNCH 999

READ THREE NODE NUMBFRSe THE THICKNESSe AND THE CONTROL

READ 906+ 1 eJeKeT KK
PUNCH 906« T eJeK T

XJII=X(J)=X(1])
XKJI=X(K)I=X(J)
XIK=X(1)=-X(K)
YJI=Yt0)=-Y (1)
YKJI=Y (K=Y (J)
YIK=Y(I)=~Y(K)

ET=0S*EXT/( (1 40~VRAD2)RABSF(XJIIHY (K)+XIK*Y(J)+XKIXY(])))

VI=Z0eS*#(140~Vv)

V2=0e5%(1e0+V)
ESTIF(I+1)=VI#XKIRXKI+YKI¥YKJ
ESTIF(]42)=~V2EXKIXYKJ
ESTIF(T+3)=VI¥XKUXXIK+YKI*Y IK
ESTIF(1e4)==VI¥XKIRY [K~VEXTKXYKJI
ESTIF(T+5)=VI¥XJIIEXKI+YI] XYKJ
ESTIF(146)=~VI¥XKIXYI[-VEXIHYKJI
ESTIF(242)=XKIXXKI+VIRYKI¥YKI
ESTIF(2¢3)=~VI¥XIK¥YKI--VEXKIRY [K
ESTIF(24¢0)sXKJIEXIK+VIHYKI*Y K
ESTIF(2¢5)==VI¥XJIRYKI-VEXKI*YJ]
ESTIF(2¢6) =XJI#XKJI+VIHYI]HYKI
ESTIF(3¢3)=VI¥XIKEXIK+YIK*YIK
ESTIF(3:4)=~V2%¥XIK*YIK

ESTIT IS+ DI aVIRRII AR IRKIVII*Y I
ESTIF(3¢6)==~VI#XIKEYJ][=-YEXI]*Y]IK
ESTIF(4¢4) =XIK®¥XIK+VIHYIK*YIK
ESTIF(Q+4S)==VI#XJIHY[K~-VEXIKE*YJ]
ESTIF(4¢6)=XJIRXIK4V]IRYIIRYIK
ESTIF(S«S)=VI¥XJIEXII+YIIRYI]
ESTIF(54¢6)=~V2%#XJI%*YJUIl
ESTIF(6+6)=XJI#XJI+VI*HYII¥*YUI

- —— - —— — — - P

e saian

CODE



85

90

100

890

901
902
906
999

TABLE A-1 (CONTINUED)

DO 85 L=1+6

DO 85 M=L.6

ESTIF(L e MIZETR*ESTIF(L M)
ESTIF(M«L)=ESTIF(L«M)

DO 9C L=1+2

LI=L+NDOF®*(1-1)

LJ=L+NDOF® (JU~-1)

LK=L+NDOF # (K~1)

DO 90 M=j1e2

MI=M+NDOF®(1-1)

MJ=M+NDOFR(J=-1)

MK =M+NDOF ¥ (K=-1)
STIFF(LIWMI)=STIFF(LI«MI)+ESTIF(L M)
STIFFI{LI«MIUI=STIFFI{LI«MI)I4+ESTIF(L M+2)
STIFF(LI«MK)=STIFF(LI«MK)+EST F(L+M+4)
STIFF(LJIWMI)I=STIFF(LJMI)IHESTIF(L+2eM)
STIFF(LJMI)I=STIFF(LIMUIIH+ESTIF(L+2eM+2)
STIFF(LJ«MK)I=STIFF(LJWMKI+ESTIF(L+2sM+4)
STIFF(LK«MII=STIFF(LK«MII+ESTIF(L+4sM)
STIFFILK«MUI=STIFF(LK«MII+ESTIF(L+4GeM:2)
STIFF(LKsMKI=STIFF(LK«MFI+ESTIF(L+a4eM+4)

IF(KK)B890+804+100

ALINK=LINK(]1e0)

SToOP

FORMAT (1 THTRIANGULAR PLATES)
FORMAT(7H NODES+6Xe]0OH THICKNESS)
FORMAT(313+E16.8.13)

FORMAT (IH )

END




O

O

OO0 0 00

OO0

OO0 000

TABLE A-1 (CONTINUED)

DORA IV - BARS AND PLATES (EXCEPT TRAPEZO!IDAL)

RECTANGULAR PLATES - 25 NODES - 2 DEGREES OF FREEDOM
R XIS 2 R R R IR R ST RS ER LTI E R I AT IR RS IR L S R

EelLe COOK - MAY 1966

COMMON NO'NOXIE'VeSTIFF(S04.50U) e X(25)0Y(25)
DIMENS ION ESTIF(8.8)

PUNCH HEADINGS

PUNCH 999
PUNCH 999
PUNCH 901
PUNCH 999
PUNCH 902
PUNCH 999

READ THE NUMBERS OF THE FOUR NODES+ THE THICKNESS,

AND THE CONTROL

CODEe THE NOCE NUMBERS MUST BE IN THE FOLLOWING ORDER

LEFTe LOWER RIGHTs UPPER LEFTs AND UPPER RIGHT.
IS 0 FOR ALL CARDS EXCEPT THE LAST CNEs FOR WHICH

60 READ 9GCSs [ 1JeKel s TeKK

PUNCH 90S5eleJaKol o T

AM=(X(Ji=X(1))/(Y(K)Y=Y(]))
CT=E*¥T/ (248 ,0% (] ,0-V¥*2))
Al=ET*#8+0/AM

BI=ET*8.0%AM

Cl=ET*620%v
A2=ET*440%AM% (1 40~-V)
B2=ET*#4,0%({1,0~Vv)/AM
C2=ET*3e0%(1,0-~V)
ESTIF(ls1)=A1+A2
ESTIF(1+2)=C14C2
ESTIF(143)z2~A1+0,5%A2
ESTIF(1¢4)=Ci~CP?
ESTIF(1+485)=0.5%A1-A2
ESTIF(146)==ESTIF(144)
ESTIF(147)==05S*#¥ESTIF(141)
ESTIF(1+8)s-ESTIF(1+2)
ESTIF(2+:2)=81+82
ESTIF{2¢3)=ESTIF(146)
ESTIF(2+4)=0.5%B1-82
ESTIF(2¢5)=ESTIF(14+4)
ESTIF(2+:6)==814+0.5%82
EQTIF(2.7)=EQTIF(1.R}
ESTIF(2¢8)==0sS*ESTIF(24+2)
ESTIF(3+¢3)=ESTIF(141)
ESTIF(3¢4)=ESTIF(148)
ESTIF(3+S)=ESTIF(14+7)
ESTIF(3+6)=ESTIF(142)
ESTIF(347)=ESTIF(145)
ESTIF(3+8)=ESTIF(144)

THE CONTROL CODE
1S

*




O

(g}

65

70

100

890

901
[02
905
969

TABLE A=-1 (CONTINMUED)

ESTIF(QA4+4)sESTIF(2+12)
ESTIF(4:5)sESTIF(142)
ESTIF(4+6)=ESTIF(2+8)
ESTIF(4+T)=ESTIF(146)
ESTIF(448)=ESTIF(2:6)

ESTIF(T S)I=ESTIF(1+11
ESTIF(54+8)=ESTIF(1:8)
ESTIF(S«7)=ESTIF(1+3)
ESTIF(S+8)=ESTIF(]1:6)
ESTIF(5:6)=ESTIF(2+:2)
ESTIF(6+T)=ESTIF(]14+4)
ESTIF(648)=ESTIF(244}
ESTIF(T7+¢7)=ESTIF(]1¢1)
ESTIF(7+8)=ESTIF(].2)
ESTIF(8+8)=ESTIF(2+2)

DO 65 M=1.48

DO 65 N=M.8

ESTIFI(N«M)=ESTIF(M«N)

DO 70 M=1.2

MIz=M+2%(1~-1)

MJ=M+22(J~-1)

MK=M+2# (K~1)

ML=M+2%(L~-1)

DO 70 N=I1s2

NI=N+2Z2®*(]~1)

NJ=N+2#*{J=1)

NK=N+2# (K~-1)

NL=N+2* (1l.~-1)
STIFF(MI«NI)I=STIFF(MI«NI)+ESTIF(M(N)
STIFF(MI«NJUI=STIFF(MI«NJI+ESTIF (M(N+2)
STIFF(MI«NK)=STIFF(M] +NK)+ESTIF (M(N+a)
STIFF(MIWNL)=STIFF(MI«NL)+ESTIF(M«N+6)
STIFF(MJNII=STIFF(MJINII+ESTIF(M+2N)
STIFF(MJNJUI=STIFF(MJINJI)I+ESTIF (M+24N+2)
STIFF(MJNKI=STIFF(MJIINK)+ESTIF (M+24N+4)
STIFF(MJWNL)I=STIFF(MJ«NL)+ESTIF (M+24N+6)
STIFF(MKeNI)=STIFFI(MK«NI)I+ESTIF(M+44N)
STIFF (MK NJ)=STIFFIMK«NJ)+ESTIF (M+4N+2)
STIFF(MK NK)=STIFF(MK«NK)+ESTIF(M+4,N+4)
STIFF(MKNL)=ST'FF{MKcNL)+ESTIF (M+4:N+6)
STIFF(MLWNI)=STIFF(ML«NII+ESTIF(M+64¢N)
STIFF(MLNJI=STIFF(MLINJI+ESTIF(M+6«N+2)
STIFF(ML«NK)=STIFF (ML «NK)+ESTIF (M+64N+4)
STIFF(MLsNL)I=STIFF(ML«NL)+ESTIF(M+64N+6)

IF(KK)890+60+100

ALINK=LINK(140)

STORP

FORMAT ( 1BHRECTANGULAR PLATES)
FORMAT (8H NODES +8X+10M THICKNESS)
FORMAT(QAI3.Ci668413)

FORMAT(IH )

ENOD
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TABLE A-1 (CONTINUED)
DORA IV =~ BARS AND PLATES (EXCEPT TRAPEZOIDAL)

MATRIX INVERSE AND OUTPUT - 25 NODES - 2 DEGREES OF FREEDOM

(222222822 RS RRssEREES ERRRR E AR SRR SSXSR2RR R RRERE R S 2R

130

140

150

160
170

180

220
230

620

601

602

603
604

EelLo COOK -~ MAY 1966

COMMON NOWNOXIEsVeSTIFF(50450)+X(25)vY(29)
CIMENSION P(S0)«p(50)

NO2=2%NO
PUNCH CONSTRAINT HEADINGS

PUNCH 999
PUNCH 999
PUNCH 901
PUNCH 3999
PUNCH 302
PUNCH 999

READ THE NUMBER OF A MODE WITH AT LEAST ONE CONWSTRAINT. THE X AND
Y CONSTRAINT CODESes AND THE CONTROL CODE. THF CONSTRAINT (ODE 15
140 FOR CONSTRAINED DISPLACEMENTS AND 040 FOR UNCUNSTRAINFC
DISPLACEMENTS. THE CONTROL CODES ARE THE SAME A" 14 a1 [

READ 90441 F]eF24KK
PUNCH G044+ 1+F 1aF2

J=2%(1-))
IF(F118904+1604140
0O 110 K=1sNO2
STIFF(J+]1+K) =040
STIFF(KaJ+1)=0e0
STIFF(J+Ted+1)=169
IF(F21890+220¢170
OO 180 K=1.NO2
STIFF (JU+2¢K)1=0,0
STIFF (KeJ+2)=0.0C
STIFFLU+2e042)=]4"3
IF(KK)B890+130¢230
CONT INVE

DO 6C4 I1=14NO2
STORE=STIFF(14+1)
STIFF(I+411=140

0O 601 J=1+NO2
STIFF{IeJ)=STIFF(1+J)/STORE
DO 604 K=1.NO2
IF(K=1)6024+5084602

STORE =STIFF(Ke 1)

STIrr iK1 2=0,40

OO 603 J=1.NO2
STIFF(KeI)=STIFF(KeJ)I=STCRE*STIFF (1 4J)
CONT INUVE
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C TABLE A~1 (CONTINUED)

235 DO 236 I1=1+ND2
236 F(11=0.0

RPUNCH LOAC HEADINGS

PUNCH 999
PUNCH 999
PUNCH 903
PUNCH 999
PUNCH 902
PUNCH 999

READ THE NUMBER OF A NODE WITH AN EXTERNAL LOADe THE X AND Y
LOADS+s AND THE CONTROL CODEe. TWwO LCADS MUST BE SPECIFIEDe
ALTHOUGH ONE OF THEM MAY BE ZERO. THE CONTROL CODES ARE THE oSAME
AS IN PART 2.

238 READ 90441 4P14P2+KK
FUNCH 904+ «P1 P2

JE2#(]1=-1)
PlJ+1)=P1
P(J+2:=pP2

IF(KK)YR93+238¢240
240 CONTINUE

DO 250 I=1.NGC2
C(1)y=D,0
DO 250 J=1{ NO2
250 D(I)=D(I)+STIFF(1eJ)8P(J)

PUKCH [ISPLACEMINT HEADINGS

PUNCH Q29
PUNCH 999
FisNCH 905
PUNCH 999
PUNCH 906
PUNCH 999

DISPLACEMENTS -~ THE NODE NUMBER 1S FOLLOWED BY THE X AND Y
DISPLACEMENTS, OISPLACEMENTS ARE PUNCHED FOR ALL NODESs EVEN THE
CONSYRAINED ONESH

QG 260 1=1+NO
Ja2#({~1)
260 FUNCH 904« 1.D(J+112D(U+2)

fFISENSE SwiTCH 212804270

270 CONTROL 102
PRINT 980
PRINT 289
CONTROL 02
PRINT 930
PRINT 995

280 PAUSE

A-18




C TABLE A-1 (CONTINUED)
GO TO 235
890 STOP

901 FORMAT(11HCONSTRAINTS)
902 FORMAT(SH NODE+6Xe2H Xe14Xe2H Y)
903 FORMAT(SHLOADS)
904 FORMAT(13¢2E16e8413)
905 FORMAT(13HDISPLACEMENTS)
906 FORMAT(SH NODE+6Xe2H Ues14Xe2H V)
980 FORMAT(49H FOR A NEW PROSLEM OR FOR A CHANGE OF CONSTRAINTSs1Hv)
985 FORMAT(45H THE ENTIRE SET OF PRCGRAMS MUST BE RELOADEDe )
990 FORMAT(47H HOWEVERs ANY NUMBER OF ADDITIONAL LOAD VECTORS)
995 FORMAT(45H MAY BE LOADED AT THIS TIME., DEPRESS %START*)
999 FORMAT(IH )

END



DORA

NO OF
NODES

12

NODE

VONOUDWLN —

e e
N - 0O

BARS

NODE S

NDOBN= 00NN &N—

®

-

-

-0 MMd UV EN—= 0N WMN

DIRECT STIFFNESS ANALYSI(S

Iv - 25 NODES

YOUNG*S
MoDULUS

«10000000E 08

X

+«00000000E-50
¢40000000E 01
«6000000GE O1
+00000000E-50
¢40000000E 01
«60000000E 01
¢ 00000000E~-50
«40000000E 01
«6000000CE 01!
«00000000E-50
«40000000E 01
«60000000CE 01

AREA

«30100000E
+30100000E
«30100090CE
«30100000E
«30100000E
«30100000€E
¢30100000E
«30100000E
«60200000E
+60200000E
«60200000E
«60200000E
+60200000E
«60200000E

00
00
00
oc
00
Co
0o
00
(¢]¢]
0o
0o
00
00
00

TABLE A-2

2 DEGREES OF FREEDOM

PO1SSON*S
RAT10

*31600000E 0O

Y

«00000000E-50
«00000000E-50
¢00000000E-50
«80000000E 01
«80000000F O1
«B0O0O0O0C000OE 01
« 16000000E 02
¢ 16000000E 02
¢ 16000000E 02
«24000000E 02
¢« 24000000E 02
¢« 24000000E 02

- PANEL CUNFIGURATION |



C

RECTANGULAR FLATES

TABLE A2

NODES THICKNESS

TR DON -
VO UWwWwN
:qumu
N-o®o W

CONSTRAINTS

NOOE X

«10000000E 01
« 100000920E 01
«10000000E ©1
«10C00000E 01
+«00000000E-%0

NN OO

L.0ADS
NODE X

10 «00000000E~5U
11 «0000G000E~-50

DI1SPL ACEMENTS
NODE v

1 -¢50552647E~07
2 —e28441223E~07
3 «00000000E-50
4 «14233045E-06
S «61209323E-07
6 «00000000E-50
7 «80316400E-07
8 ¢26406319E-07
9 «00000000E~-50
10 «79833870E-07
11 ¢ 29270008E~-07
12 +«00000C00E--50

«10000000E 0O
¢ 10000000CE 00
«10000000E 0O
«1000C0COE 00
«10000000E 00
«10000000E 00

Y

«00000000E~50
+00C000000E~50
«0O0000000E~-50
«00002000E~50
«10000000E 01

Y

«S0000000E 0O
+50000000E 00

v

¢ 75252476E-06
«00000000E~-50
¢ 15515326E-06
«892N8273E~06
«68912770E-06
e 6352647 1E-06
¢ 12602640E-05
¢ 11859289€ -05
¢12038422E-05
¢ 17228236E-05
«16198911E-05
¢ 15222091E-05

tCONTINUED)



C

C

STIFFENER STRAINS

r4
[e]
o)
m
(7]

Lo
ONADHNN == OO BN

WEB

O 4N DN -

~O0OONUA L= QWOONWDN

o

STRAINS

«55278560E-08
©14220611E-07
-¢20280265E~C7
-e¢30604698E~-07
-e132477520€-07
-¢13203159€-07
-212640965€-07
-e14635004E-07
017444747€-07
«86140962E-07
¢ 46022662€-07
¢&2100150E-07
«57821200E-07
¢54245275E-07

STRAINS

TABLE A-2

EXX

S =—e73762040E-08
-¢81920420E-08
8 -.16878892E-07
9 =—.21903928E-07
-¢13059243E-07
-+13919082E-07

EYY

¢51792854E-07
¢ 73077446E-07
«54061404E~-07
0 66586169E-07
«56033230E~07
+37020569E-07

(CONTINUED)

EXY

~-e10177662E-006

«3C925730E-07
~e40712350E~-07
-+11162630E-07
-¢22010880€-07
-e19763200E£-07




DORA

NO OF

NODES

24

NODE

NoTe RN O NN) IR S VO 8

DIRECT STIFFNESS ANALYSI1S

Iv - 25 NODES

YOUNG*S
MODULUS

«10000000E 08

X

+00000000E~50
«20000000E O1
«400Q0C000E 01
« 600000008 01
»00000000E~50
«20000000E 01
¢40000000E O1
«60000000E O1
«00000000E-50
«20000000E 01
«40000000€E O1
«60000000E O1
«00000000E-50
«20000000€ 01
«400000600E O1
«6C00N0000E O1
+00000000E-50
«20000000E O1
«40000000E 01
«60000000E C1
«00000000E~S0
+2000C000E O1
« 40000000 01
«60000000E 01

TABLE A-3

2 DEGREES OF FREEOOM

POISSON#*5
RAT!O

+31600000E 0O

Y

+00000000E~50
«00000000E£-50
«0C000000E£-50
« 00000J000E~-50
¢« 3000000CE 01
«30000000E 01
¢ 30000000£ 01
¢ 30000000E 01
»30000000E 01
«50000000E 01
«50000000E 01
«50000000E 01
+«80000000E O1
«80000000E O1
«80000000E 01
«80000000E 01
~-«80000000E O1
~¢80000000E 01
-+8000000CE O1
-+¢80000000E Of
~-¢ 16000000t 02
-+ 16000000E 02
-¢160000Q0E 02
~¢ 16000000E 02

= PANEL CONFIGURATION

I



c TABLE A-3
BARS
NODES AREA
1 2  «30100000E 00
2 3  +301000G0E 00
3 ) ¢30100000& 00
13 14 +30100000E 00
14 15  «30100000E 00
15 16  +30100000E 00
1 5  «60200000E 00
3 7  +60200000E 00
S 9  +«60200000E 00
7 11 «60200000E 00
9 13  +60200000€ 00
11 1. +60200000E 00
17 18  +30100000E 00
18 19  +30100000E 00
19 20  +30100000E 00
21 22  +30100000E 00
22 23  «30100000E 90
23 24 +30100000E 00
1 17  +60200000E ON
3 19  +60200000& 00
17 21  +60200000E 00
19 23 +60200000E 00
RECTANGULAR PLATES
NODES THICKNESS
1 2 5 6  +10000000F 00
2 3 6 7  +10000000E 00
3 4 7 8  .10000000E 00
5 6 9 10 +10000GOOE 00
6 71011  ¢10000000E 00
7 8 t1 12  «10000000E 00
9 10 13 14 ¢10000000E 00
10 11 14 15 +1000000CE 00
11 12 15 16  «10000000E 00
17 18 1 2  .10000000E 00
18 19 2 3  +1000C0000E 00
19 20 3 4  +10000000E 00
21 22 17 18  +10000000E 00
22 23 18 19  «i0J00000E 00
23 24 19 20  «10000000E 00
CONSTRAINTS
NODE X Y
24  »10000000E Ol  +00000000E~-50
20  «10000000E Cl1  +00000000NE=-S0
4  +100000COE 0Ol  «00000000E-S0
8  «10000000E Ol  +0O0NOOOOE-50
12 +10000000E 01  +0OONOOOOE-50
16  +10000000E C1  +00000000E=-50
23  <00000000E-S0  «10000009€ Ol

(CONT INUED)

A=-24

— e ——



c c

LOADS

NODFE

13

15

Dl1sPL

NODE

VOO0 S WN =

10
11
12
13
14
15
i6
17
18
19
20
21
22
23
24

X

»00000000E-50
¢ 000000 00E-S0

ACEMENTS

v

«80047330E-07
¢ 56581 539E-07
«30157771E-07
¢ 00000000E~S0
«84571695€E~07
«51000175€E-07
«23830666E-07
¢« 00000000E~-S0
«61306633E-07
¢41834539€E-07
0 21936972E-07
+« 00000000E~-50
¢ 75304 050E-07
¢ 55530950E-07
«23327916E-07
+00000000E~-50
¢ 13537860E-06
¢ 11062759E-06
«c60166070E-07
+ 00000000E~-50
—-e48E37227€-07
-e436085294E-07
—e27554959E-07
¢ 00000000E-50

TABLE A

Y

«50000000E 0O
«50000000E 00

v

¢ 12714139E-05
¢ 12398273E-05
¢ 11966348E-05
¢ 12037975E-05
¢ 14385289E-05
¢ 1 3982069E-05
¢ 13632036E-05
» 1 3570573-05
* 15569601E-05
¢ 14966693E-05
¢ 14705235E-~-05
¢14501316E-05
01758344508
e 15646214E-05
¢ 16494427€-05
¢ 14993756E-05
¢90784096E-06
¢ 78620528E-06
¢ 70126854E-06
«68637866E-06
¢ 75408037€-06
¢ 46944948E-06
«00000000E-50
¢ 15857147€E-06

=3 (CONTINUED)

A-25



C

C

STIFFENER ST=RAINS

¢« 13398320E-07
¢ 13497109E-07
¢« 13260903E-07
¢ 11766770E-07
«11441910E-07

«55747690E-C8
¢ 79827960E-08

NODES STRAINS

1 2 -—e1173289%E-07

2 3 -e13211884E-07

3 4 =-.15078885€e~-07
13 14 -498865500E~08
14 1S =-e13101517€-07
15 16 =e¢14663958E-07

1 S ¢S55705000E-07

3 7 ¢55522933E--07

s 9 ¢59215600E-07

7 11 ¢ 53659950€-07

9 13 «67128133E-07
11 15 «59639733€-07
17 18 =-012375505E-07
18 19 =-,25230760E-07
19 20 —-¢30083035E~-07
21 22 ¢ 12259665SE-08
22 23 ¢ 92651675E-08
23 24 ¢13777479E-07

1 17 045446612€E-07

319 ¢61920787€-07
17 21 ¢ 1922C073E~-07
19 23 «87658567€~-07

WEB STRAINS
NODES EXX

1 2 S5 6 ~e14259328E-07

2 3 6 7 -

3 a4 7 8 -

S & 9 10 -

6 7 1211 -

7 811 12 -

9 10 13 14 =-,98112980E-08
10 11 14 15 -,11525151E-07
i1 12 1S5 16 =-612816222E-07
17 18 1 2 -412054200E-07
18 19 2 3 =-.192213222-07
19 20 3 4 =—,22580961E-07
21 22 17 18 -

22 23 18 19 -
23 24 19 20 -

+81527780£-08

TABLE A-3

EYY

¢54249090E-07
¢54158050E-07
¢533084760E-07
0542234GCG0E-07
¢51445580E-07
+«50098550E-07
+41556080E-07
¢37611890E-07
«38027200E~07
¢51074686E~07
«59311767E-07
¢65799069E~07
«29407274E-07
«63626521E~07
¢74317233E~07

(CONTINUED)

EXY

~-¢18153320E-07
-e21533710E-07
-¢80041000E-09
- 33260870E~-07
-¢18052120g~07
~¢71079800E-08
~e63887840E~-07

¢23183440E-07
-e41382930£-07
~e45141640E-07
~-¢372! 3700E-07
-¢13807310E-07
~e8027735S0E~07
-e12331944-06

¢31402960E-07




DORA

NO OF

NODES

24

NODE

VONOT L WN —

DIRECT STIFFNESS AMNALYSIS

1v - 25 NOOES

YOUNG#*S
MODULUS

¢ 10000000E 08

X

+00000000E-S0
«20000000E O1
»40000000E O1
+60000000E O1
+ O0OV00000E-50
«20000000E Ol
+4000000JE 01
+60000000E C1
«00000000E~-S0
+20000000€ O1
+40000000E O1
«60000000E O1
+0000000Q00E-5S0
«20000000E 01
«40000000E 0©1
+60000000E 01
+00C00000E-50
«20000000E 01
«40000000E 01
«600C0000E Ot
+00000000E~-S0
«20000000E Ol
¢ 40000000 01
«5000000CE 01

TABLE A-a

2 DEGREES OF FREEDOCM

POISSON®S
RATIO

¢ 321600000E 0O

Y

«00000000E-S0O
+00000000E-S0O
¢ D0000000E-SO
2 00000000E-S0
* 30000000E 01
+« 3C000000E 01
*» 30000002E 01
«300000C0OE 01
+S000000CE O1
¢ S0000000E 01
¢« SO0000000E 01
*+S0000000E O1
+80000000E O1
«80000000E 0©1
«80000000E 01
+8000000CE O1
+ 16000000E O2
¢ 16000000E 02
« 16000000E 02
+» 16000000E 02
-+80000000E O1
-+80000000E 01
-+80000000E O1
-+80000000E 01

- PANEL CONFIGURATION 111



C TABLE A~4 (TONTINUED)

8ARS

NODES AREA
1 2 «30100000F 00
2 3 «30100000E 00O
3 4 «30100000E 00
13 14 »30100000E 00
14 15 «30100000E 00
15 16 «30100000E 00
1 S «60200000E 00
3 7 «60200000E 00
S 9 «60200000E 0O
T 11 +6C200000E OQ
9 13 «60200000E 00

i 1S ¢ 5020000%E 00
17 18 «3010000GE 00
18 19 «30100CcO0F 0O
19 20 «3C100000E 0O
21 22 +30100000& 00
22 23 «30100000E <O
23 24 «30100000E 00

1 21 2 60200000E 0O

3 23 «60200000F 00
13 17 «6020000CE 00
15 16 «£0200000E 00

RECTANGULAR PLATES

NODES THICKNESS
1 2 5 6 « 1200000CE 00
2 3 6 7 « 10000000E 00
3 4 7 8 «10G0C000E 00
5 6 910 «10000000E DO
6 7 10 11 » 10000000E CO
2 811 12 «1C000000E 00
$ 10 13 14 +100000G0E 00
10 11 14 15 «10000000€ 00
11 12 15 16 « 100000G0E 0O
21 22 1 2 » 10000000E 00
2z 23 2 3 + 10000000E 00
23 24 3 & « 102000ACE 00
13 14 17 18 «10000COCE 00
HE SRR R «1000CoCCT GO
15 1¢ 19 272 » 10003000E ©O
CONSTRAINTS
NODE X Y

24 ¢ 10000000E 01 - 0000000050

8 +13005¢S0E Ol «WCOVO0GCO0E~-50
4 » 1 000000CE 01 «000C0000E~-50
12 «10000000E O «00000000Z~-50
16 « 10000000 01 + 5000200 [ ~50
z0 «10000000E Oi «000000CVE~-S0

23 «002CDOL0E—-SD « 1C00N000S O}




cC C

LOADS

NODE

17

19

D1SPL

NODE

QONOWMBWN-—

N-—-——a-—-—-—-——n-—-—
OV NCUAODWN-—-O

21
22
23

26

X

«00000000E-50
+00000000E-S0

ACEMENTS

V]

¢« 13206989E-06
«11225373-06
«61489530E-07
«0000Q000E-50
+14320089E-06
«10357874£~06
«37020047E-07
+00000000E-50
¢ 12558823E-06
«87080298E-07
«44502105E-C7
«00000000E-50
«62587986E-07
«43476770E-07
e 22966553E-07
«00000000E-50
«83810380€-07
¢59394033-07
«30876461£-07
+0000CLLOOE-SD
-250281472€-07
-ed48E51816E-07
- e23089571E-07
+00000000E-50

TABLE A-a

Y

«S00000C0E 00
+«50000000E 0OC

\

«I157781GE-06
«78321554E£-06
«70297611€£-06
- 63645268£-06
¢ 10336221E-0%
«96561388E-06
«89863685E-06
«887680%1E-06
«11247121E-05
«10823834E-05
«10241376E-08%
«10237987E-05
¢ 12747602E-05
¢« 12606629E-05
¢ 1196752 76-05
«12130666E-05
¢ 175464826E-05
«15908938E-05
«16437561£-05
¢ 15422935E-05
«75928189E-06
e47514069E-06
«00C00000E~50
¢ 16121557TE-06

(CONTINUED)




C

C

STIFFENER STRAINS

TABLE A-a

¢24330723E-07
¢ 29627375E-07
¢ 19532521E-07
«22284222E-07
+2538058F-07
el 4404T7RTE-07

e 1£6767164E-07
+45216250E-08
«78254890E-08
«80999900E-L8
- 10881RQ1F-07
e 12356948E-07

NODES STRAINS
1 2 =+99080800E-08
2 3 -.25382100E-907
3 4 =430744765£-07
13 14 =+95556080E-08
14 15 =-¢10455108E-07
15 16 =+11283276E~-07
1 S «39281333E-07
3 7 ¢65520247€~-07
S 9 ¢45545000E~07
7 1t ¢62750400E-07
9 13 +50016033E~07
11 1¢ ¢57540700E-07
17 18 =-.12208173e-07
18 19 —014258786E-~07
19 20 =~«15438230E-07
21 22 «86482800E-09
22 23 «327311225€E-08
23 24 «14544785-07
1 21 ¢19562027€-07
3 23 ¢87759514E-07
13 17 «59985300E~-07
15 19 «55874550€E~07
WEB STRAINS
NODES ExX
1 2 5 6 =-.14859578E-07
2 3 6 7 -
3 4 7 8 -
5 6 9 10 -~
6 7 10 11 -
7 8 11 12 -
Q@ 10 13 14 -~
10 11 18 15 -,.15872104E-07
It 12 15 16 -
21 22 i 2 -
22 23 2 3 -~
23 24 3 4 -
il 14 17 18 =~
14 15 18 19 -
1S 16 19 20 =4133627%4E-07

EYY

«50040380E-07
¢63159840E~07
¢ 74£64760E-07
¢51964880£-07
«6056757CE~-07
~65354740E-07
¢54721250F-07
¢58483590g~-07
«60315C00E-07
e 29055691E~C7
¢63134435-07
¢ 735820776~07
~SOATPORIF=-0T
225576730 ~07
QNS 94T 07

A-350

(CONTINUED)

EXY

~e49733370E-07
- 3921 9870E-07
- e 19B39860E-07
~e36112020E-07
~¢385%59810E-07
-45%9032800E-08
- e31873790E~-07
-¢41460430E-07

«33607000E-"9
-232728630E~07
-e12335849E-06

0 29559230E-07
-.A7180729Q0F =07
-e£36027T0E-08
-+ 20769550 E =07



DORA

NO OF
NODES

24

NODE

VOOV & W —

— b e
5> WMN -0

=

N
PUN—-0OEBNOU

OIRECT

Iv - 25 NODES

YOUNG*S
MODULUS

»10000000E ©8

X

+Q0000000E-50
» 2000C000E 01
+40000000& 01
+60000000E 01
«00000000E-50
«20000000E 01
»400C0000E 01
«60000000E 01
«00000000E~-50
«20000000E 01
+400C0000E 01
«&60000000E O1
+000CO000E~-S0
»20000000E 01
+40000000E 01
« 60000000 C1
+00000000E~S0
+20000000€ C1
+30000C00F 01
«60000000E 01
+00D00000E~-S0
«20000000E 01
+30000000€E O1
«50000C00E 01

TABLE A-5

STIFFNESS ANALYSIS

~ PANEL CONF!GURATIOM

2 OEGREES OF FREEDOM

POISSON®S
RATIO

« 31600000E 00

Y

+00000000E-5S0
+»0000G000E~-S0
+000N0000E-S0
+ 00000000E-~-50
+30000000E 01
+30000000E O1
+ 30000000E 01
+ 3G000000E 01
«5S0000000E 01
»S500000C0E 01
e S0000000E O1
«50000000€ 01
«80000000F 01
+ 80000000E 01
«80000000E 01
+80000000€ 01
» 16000000E 02
» 16000000 02
» 16000000E 02
«16000000E 02
» 24000000E 02
«24000000E 02
« 24000000€ 02
« 240000008 02

>
[

31

Iv




AREA

2 «30100000E O0C
3 «30100C00E 00
4 +30100000E 00
14 +30100000E 00
15 +30100000E CcC
+303100000E 00O
5 +60200000E 0O
7 +602G60000E 00
«6020000CE 00

11 «60200000€E 00
13 «60200000E 00

O N U W -
0

11 195
17 18
18 19
19 20
21 22
22 23
23 24
17 21
19 23
12 17
15 19

«5602C0000E 0O
«30100000F 0O
¢30100000E Q0O
+30100000E OC
¢«3010Q0C0E O3
«30100000E 50
¢«301000C0E 00
¢60200000E Oo
«60200000E OC
+60200000E 00
4602000008 00

RECTANGULAR PLATES

NODES

i 2 S

2 3 6

3 Q 7

S 6 91
& 7 1061
7 8 111
S 10 131
10 11 14 1
11 12 15 1
13 14 17 1
4 35 13 1
15 16 16 2
17 18 21 2
18 19 22 ¢
19 20 23 2

CONSTRAINTS

NODE

20 2 1000000CE Q1
8 ¢ 1000000CCE U1
q +» 10000000E ¢
12 e 100000008 D!

6 « 1 900NNOOT O}

o » 1 0000Q00E Ot
23 »00000000F 50

6
7
3
0
1

2
4
5
5
8
=
J
2
3
Q

X

THICKNESS

« 100000002
« 10000000F
« 100000008
+1000000GE
+100D0000E
»10000COUVE
+«100C00C0E
«10000000K
«10000000E
« 10050000
« 10000000K
«10000000E
+ 10000000E
¢ 1000V0O00L
« 12000090€E

o0
00
00
o
00
00
[039)
00
(o))
00
00
00
an
0G
00

TABLE aA-5S

Y

«000N0C00€~-50
«00000000C~52
«OCGO0OGOFR~50
+00000000E~50
+DQ0D0CV0E -S0
+00000000E~-SC
+« 10G00D0CCE 01

({CONT INUED)



C

C

LOADS

NODE

21

23

X

+0000C000E-50
«0000CO00E-50

DISPLACEMENTS

NODE

VOOV » LN —

NN N NN — = = = e s e = e
FWN -0V LOWMBLLWN—-O

v

~e10867504£-06
-e98632255€E-~07
-¢55491 384E-07
«00000C00E-S0
¢ 110979208 -06
+10819231E-06
«5214776TE-O7
«00000000E-50
* 1 5500238E-C6
c12517964E-06
¢ 706667725-07
«00C00000E-S0
«10986507E-06
«85647165E-07
¢46712091E-07
«00000000E-50
¢ 76403165£-07
¢53168969£-07
« 2758104607
+ 020000008 -50
«&3139130E--07
e 59234 065E-07
«308347897E-07
«00000000£~-50

TaBLE A-S

Y

«50C¢J0CCO0E 00
+«5000000QE 00

"

«843003832E-06
«55634454E-0%
«00000900E-50
¢ 29324771E~06
«85770273E-906
«59664253E-06
«33207062E-06
31620945506
«885635446£-06
»7000053CE-06
¢ 50966276E-06
«49044809E-06
e 970U 1TO6E-06
«85816786£-06
«74343165E-C6
¢ 73025990E-06
«13270019€£-0%
¢ 130486325-05
+12456152¢-05
. 12568298E-05
«1803A3613E-03%
e 10438256E-05
e 16939021E-0%
¢ 15950362E-05

>
]

(CONT INUED)

33




c cC TABLE A-S5 (CONTINUED)
STIFFENER STRAINS
NODES STRAINS

1 2 «50218950E-08
2 3 «21570435E-07
3 4 «27745693E-07
13 14 -¢12108955e-07
14 15 =-6194675375-07
15 16 =-423356045E-07

1 =] «49008033E-08
3 7 «1106S020E-06
3 9 0 13475865E-07
7 11 «88796070E-07
S 13 «27787533E-07

11 15 ¢ 77942963E-07
17 18 -411617098€-07
18 19 =~e12793961E-07
19 20 =+413790523E-07
21 22 —-e11952532E-07
22 23 =e14193084E-07
23 24 -415423948g-07
17 21 ¢ 59607425€E-07
19 23 ¢56035862E-07
13 17 ¢44623100E-07
13 19 «62765450E-07

WEB STRAINS

NODES EXX EYY EXY
1 2 5 6 «18131490E-08 ¢31667280E~08 -,65848980E-07
2 3 6 7 =432259180€£-08 ¢62061433E-07 —415281851E-06
3 4 7 8 «8359040C0E-09 «65838724E-07 ¢ 77286494F-C7
5 6 9 10 -.81524820€E-08 ¢33078640E-07 =496674800£-07
6 7 10 11 ~e27639353E-07 ¢ 70238730E-07 -410485204E-06
7 8 11 12 =-430703635€E-07 «87957690E-07 -.41392100£-08
9 10 13 14 -.13510162E-07 ¢ 40254180E~-07 —488736220E-07
10 11 14 15 -,2336198%€E-07 +65331900E-07 =-.86835890E~-07
11 12 15 16 =-4,a9344716E-07 278340110E-07 =412104050E-07
13 14 17 18 =-.11863026E-07 eS0230010E-07 ~»37618240€-C7
14 15 18 19 =-416130749E-07 ¢59301180E-07 =-,467C6650E-07
15 16 19 20 -.18573785€E-07 «54293341E-07 =,16939700E-08
17 18 21 22 -.11784816E-07 ¢ SO9BBBB0OE-NT7 -444743540E-07
18 19 22 23 =413493523€E-07 ¢ 49203080E-07 —el /09Y630UL-UB
19 20 23 24 -=.14607236E-07 e 49195333E~07 -421708660E-07



c ¢ TABLE A-s&

STIFFENER AND WEB STRAIN PROGRAM LISTING

C STIFFENER AND WEB STRAINS FROM NODAL DISPLACEMENTS
C EZ 2 RS2SRRSR ER SRS S SRR SIS PR SS FELERE FE TR TEETT S
C
C Eel o COOK ~ JUNE 1966
C
DIMENSION X(25;+Y(25)eU(25) V(250 [A(25)+1B(25)44(2)
DIMENSION JACL16)4JBI1S)I«JC16)+JID16)T(16)
DIMENSION DELTA(B8)SIGMA(S8)
C
C READ NUMBER OF NODESs YOUNGS !t JDULUSs AND POISSONS RATIO
C
801 READ 901 +NOEVV
EP=E/(140-VVEX2)
GS=E/(2+0%(140+VV))
C
C READ NODAL COORDINATES
C
DO 1C I=]a+NO
802 READ 901 +KeXtIdYav(])
IF(K=1)700+¢104+700
10 CONTINUE
C
C READ STIFFENFR DATA
C
Ik=1
803 READ QU2.TACIK)+ IB(IK)WA(IK)«ICODE
IK=IK+1]
IF(ICODE-1)803+430+700
30 IK=1Kk-!
C
C READ wgEB DATA
C
JK=1
8048 READ 903¢JACJIK)I s IBIIK) + JCIIKIWJD (UK ) T(IK) +» [CODF
IK=JUK+ 1
[FCICODE-11804+5C+700
50 JK=JUK-1
C
C READ NODAL ODISPLACEMENTS
C

DO 60 I=1+NO
READ Q010U 1) V(1)
IF(1=J)700+60+¢700
6G CONTINUE

(D
[&]
o




@]

(¢}

[aNg!

B0o7

TABLE A-6 (CONTINUED)

CALCULATE STIFFENER STRAINS

DO 807 IL=1+1IK
TAI=TA(IL)

XA=X{(1Al)

YA=Y(1A1l)

VA=U(TATLD)

VAzv(IAL)

I1BI=1B(IL)

XB=x(181)

yBz=y(IBI)

uB=uciIBl)

vB=v(IBI1)

ALX=XB-XA

ALY=YB-YA
AL2=ALX%ER24$AL Y% %2
ESTR=(ALX# (UB=-UAY+ALY*{VB-VA))/AL2
PUNCH 9C24+.1Al.IBI+E£STR

CALCULATE wWEB STRAINS

DO 806 IL=1+JK
JAT=UVA(IL)Y
XA=X(JAl)
YA=Y(JAI)
DELTA(I)Y=U(JAL)
DELTA(S)Y=V(JA])Y
J8I1=uB(IL)
XB=x(JB1I1)
DELTA(2)=U(JBI])
DELTA(B)=V(JBI)
JCI=JC (1L
XC=x{JCl)
YC=y{(JCI)
DELTA(3)=U(JCD)
DELTA(T7)Y=V(JCI])
JOI=untIL)
xXD=xX(JD1)
DELTA(4)=U(JDI!)
DELTA(B)Y=v(JDI])
XKBA=XB~-XA
P=(xC-xA)/xBA
D=(xXD=-xA) /XBA
B=D-1.0
TR=1.0/7(D=-P)
YCA=YC~-YA

ETA=0.5

X1=0a5
SIGMA(1)=(ETA-]10)/X8BA
SIGMA(P2)Y-=<SIGMA (1Y
SIGMA(3I=-TR*ETA/XBA

SIGMAL L} = —-SIGMAIRY

-




70

80

806

700

901
902

903

904

TABLE A=-6 (CONTINUED)

EXX=0e0

DO 70 !=1.4

EXX=EXX+SIGMA(])*DELTA(I)
SIGMA(S)=(XI-140)/YCA
SIGMA(6)==-X1/YCA
SIGMA(T7)=TR*(D=X1)/YCA
SIGMA(B)=TR*(X1-P)/YCA

EYY=0e0

EXY=0e0

00 80 J=1ls4a

EYYZEYY+SIGMA(U+4) ¥DELTA(J+4)
EXY=EXY+SIGMA(J+4)*¥DELTA(I)I+SIGMA(J)I*DELTA(J+4)
PUNCH 9044 JAL+JBl+JC1 4 JDIIEXXIEYYCXY
GO TO 801

STOP
FORMAT(13+4E1648)
FORMAT(213+E16¢8.13)
FORMAT (41 34+E16¢84+13)

FORMATI(413,3C16.8}

END




APPENDIX B

“HE MATRIX FORCE/DISPLACEMENT PROGRAM

Due to the analogy that exists between the matrix force
method and the matrix displacement method of structural analysis,
it has been possible to write a program that can be used to
analyze structures by either method. The analogy between the
two methods was first shown by Argyris and Kelsey (Reference 1).
Pestel and Leckie (Reference 5) have expanded on the analogy
and have developed an excellent notation which will be used here.

The original program was written by the author for a force
analysis. It was intended that the experimental panel would be
analyzed using only the force method and the direct stiffness
method. However, one of the author's graduate students, Mr.
Gordon E. Lambert, elected to write a displacement method
program for his masters thesis (Reference 3). A study of the
force program and the analogy revealed that the force program
could be modified and used for both types of analysis. The
modifications consist of on2 additional digit in a control card
to specify the type of analysis, some additional headings, and
one program segment which is used only in the displacement
analysis.

The equations for both methods are derived in References 1,
3, and 5; therefore, the derivation will not be shown here. The
equations which must be solved to perform an analysis will be
stated, the analogy will be discussed, and some of the unique

features of the program will be explained.

Eﬂe Force Method

(D1,] = (B (F 1(B,] (B-1)
(b} = (BT (F 1(B] (B-2)
[X] = -[Dll]'l{DlO] (B-3)
[B] = (By} + (B](X) (B-4)



(Fql = [BIT(F ] [B] (B-5)
(p) = [B)(£) (B-6)
(d} = [Fl(f} (B-7)

Three of the matrices in the above equations must be deter-

nined from the physical and geometric properties of the structure:

[B a set of internal forces in the structure due to

O]

unit values of the external forces. Each column
represents a set of internal forces due to one
nf the external loads.

[Bl] = a set of internal forces in the structure due to
unit values of the redundants. Each column represents
a set of internal forces due to one ¢f the redundants.
For a statically determinate structure [Bl] = [0]
and ([B] = [BO].

[Fv] = the flexibkility matrix of the unassembled structure.

This 1s a diagonally partitioned matrix where the
submatrices are the element flexibility matrices.
Equations (B-1) through (B-7) can be easily evaluated once

these three matrices have been determined. The [BO], [Bl]’ and

[Fv] matrices for the experimental panel are shown later in this
appendix. The physical interpretation of the other matrices in

the above equations are as follows:

[DlO] the relative displacements at the redundants due
to unit values of the external loads. Each column
represents the displacements due to ore of the
external loads.

[D,,] = the relative displacements at the redundants due

—

to unit values of the redundants. Each column
represents the displacements due to one of the
redundar.ts.

[X] = the values of the redundants due to unit values of
the external loads. Each column represents the

redundants due to one of the external loads.



[B] = the values of the internal forces due to unit values
of the external loads. Each column represents the
internal forces due to one of the external forces.

[Fd] = the flexibility matrix, i.e., the values of the
external displacements due to unit values of the
external loads. Each column represets the dis-
placements due to one of the external loads.

= the column matrix of internal forces.
f = the column matrix of external forces.

= the column matrix of external displacements.

The Displacement Method

The displacement equations are:

- T -
- T -
(Y] = -1c,,1 7 e, ) (B-10)
11 10
(A] = (8 ] + [A](Y] (B-11)
- T -

(Kl = [A]7[K ] (a) (B-12)
{v}l = [a] d (B-13)
{f} = [Kf] d (B-14)

The three input matrices required for a displacement analysis

are:

[AO] = the deformations due to unit displacements at the
external loads.

[All = the deformations due to unit displacements at the
kinematic deficiencies. A kinematic deficiency exists
for each degree of freedom for which there is no
external load. If there are loads corresponding to
all unconstrained external displacements, [Al] = [0]
and [A] = [AO].

[Kp} = the stiffness matrix for the unassembled structure.

The physical interpretation of the other matrices are as

follows:




[ClO] = the net forces at the kinematic deficiencies due
te unit values of the displacements at the external
loads. Each column represents the forces due to
one of the external loads.

[Cll] = the net forces at the kinematic deficiencies due
to unit values of the displacements at the
deficiencies. Each column represents the forces
due to a displacement at one of the deficiencies.

[Y] = the displacements at the kinematic deficiencies
due to unit displacements at the external loads.
Each column represents the displacements at the
deficiencies due to a displacement at one of the
external loads.

[A] = the deformations due to unit values of the dis-
placements at the external loads. Ealh column
represents the deformations due to one external
displacement.

[K = the stiffness matrix, i.e., the external forces
required to produce unit displacements at these
forces. Each column represents the external forces
due to a unit displacement at one of the forces.

{v}= the column matrix of deformations

{f} and {d} were previously defined.

Equations (B-13) and (B-14) give the deformations and external
forces for prescribed displacements. Since the external forces
are usually known, rather than the displacements, and the internal
forces are needed, rather than the deformations; two additicnal

equations are necessary to fully implement a displacement analysis.

They are
- -1 _
[B] = [Kp][A][Kf] (B-15)
(F.] = [K -1 (B~16)
d f

Once these two equations are evaluated, Egquations (B-6)
and (B-7) can be used to calculate the internal forces and the

displacements.

!




The Analogy Between the Force and Displacement Methods

The analogy between the two methods is evident if Equations

(B-1) through (B~7) are compared with Equations (B-8) through

(B-14) . The analogous matrices are tabulated below
Force Displacement ’ Force Displacement
{f} {a} [DlO] [ClO]
1
[Bol [AOJ [X] (Y]
(B, (A, [B) [A)
[F,] K] ¥4 K]

References 1, 3, and 5 all present tabulations of the type
shown above with varying degrees of detailed operations and

explanation.

The Matrix Force/Displacement Program

The Matrix Force/Displacement Program is divided into six

parts:

Part I - Input

Part II - Recursion Analysis

Part III - Calculation of Flexibility or Stiffness Matrix

Part IV - Internal Forces and Displacements-Displacement
Method

Part V - Internal Forces and Displacements-Output

Part VI - Initial Forces

A program listing 1is shown in Table B-1. Parts I through
V will be discussed here. Part VI, which is used only for
thermal analyses, is discussed in Appendix C. Although the pro-
gram naturally divides into the six parts listed above, the
primary reason for the division is the effective utilization of
the computer. The program is written in PDQ Fortran for the
IBM 1620 described in Appendix A.

Part I - Input. The inputs to the program consist of a

control card followed by the flexibilities, or stiffnesses, of




the unassembled structure and the nonzero elements of [Bol and

[Bl]’ or {AO] and [A The control card contains the basic

].
parameters of the stiucture such as the number of elemerts;
internal forces; external forces; redundants, or deficiencies;
and nonzero elements in [BO] and [Bl]’ or [AO] and [Al}. It also
contains a control digit which specifies the type of analysis to
be performed. fhe format of the control card and the other input
cards is described in detail in Table B-1.

The input format of the element flexibilities, or stiffness,
requires explanation. Since [FV], or [K ], has an order equal
to the number of internal forces, it is usually very large. The
storage requirements are greatly reduced if tne element flexibilities,
or stiffness, are stored in a special format and used as needed.
The minimum storage requirements would result if each flexibility,
or stiffness, matrix was given a variable name and properly
dimensioned , or if blocks of storage were set aside for each
type of element-bars, rectangular plates, etc. This would,
however, reduce the generality of the program. To avoid this,
a single array of dimensioas x5 is used, where ¢ is tne number
of internal forces. Five columns are specifiesd because, to
date, the largest element flexibility, or stiffness, matrix
used nas been the 5x5 rectangular or trapeqgoidal plate matrix.
The element flexibilities, or stiffnesses, are right-justified
in the array to permit identification of each type of element
flexibilities, or stiffnesses. The identification procedure 1is
described in the next section.

The inputs are also punched into cards, with appropriate
headings, for problem identification and debugging.

Part II - Recursion Andalysis. The solution of the matrix

force or displacement equations previously presented requires

the inversion of [Dll] or [Cll]' Since the order of [Dllj is

equal to the number of redundants and the order of [C is equal

ll]
to the number of kinematic deficiencies, the required inversion

may be relatively large. Festel and Leckie (Reference 5) have
presented a recurrence method where the redundants, or deficiencies,
are divided into a number of groups and an equal number of lower-

ordered inversions are performed. During the programming of the
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recurrence method it was discovered that, not only is the
programming simplified, the data storage requirements are
minimized if the number of groups is equal to the number of
redundants, or devidicncies. Therefore, if there are n
redundants, or deficiencies, there are n one-by-one inversions
or, in fact, no inversions at all. As is shown in Part IV, a
displacement analysis requires the inversion of the stiffness

matrix [Ko]; however, this matrix is usually not large,

Iy

The recurrence equations for the force method are as

follows:
{Dél} = {Bi}T[FV] [Bél] (B-17)
x4y = {Dio}/Dil (B-18)
[Bfﬁl] = [Bé} + {Bi}{xi}T (B-19)

Equaticn (B-15) is the recurrence method equivalent of a com-
bination of Equations (B-1l) and (B-2). These eguations ~ould

be written as

A
[Dy,] = [Dlololll = [B,] [FVIIBOIBl] (B~20)

For edch recursion, the last coliumn of the matrix [Bél] is
i . .
taken as {Bl}. As a result, both {Dél} and {Xl} are vectors

: . i
rather than rectangular matrices. The unit redundants {X7}. are

él}' except the
last, by the negative of the last element. The matrix [Bsil]

determined by dividing all of the elements of {D

n+1

has one less column ftan iBal]’ and after n recursicns, [801 ]

is the unit internal force matriux i

B
The recurrence equations for the aisplaceirent method can be

~

written from Equations (B-17) tnrough (R--19), with the aid of
the analogy, as

(Copt = (AP TIK ) [Ag,] (B-21)
(vly = {cio}/cil (B-22)




agttl = tagl + anx )T (3-23)

The triple matrix product in Equation (B-17) and (B-21)

wolves the matrices [FV] and [Kp] which are stored in the

mpressed format described in Pert I. The operations required

or a force analysis will be illustrated. The product {Bi}T [FV]

s performed first. The first row of {FV] is checked, from the
eft, for the first nonzero eleme~t., If the first element in

:he row is nonzero, the element {_.exibility matrix is a 5x5 matrix.
fhis matrix is then premultipliec« by the first five elements of

{Bi} to obtain the first five ele¢rments of the product. Then the

sixth row of [F ] is checked. If Uhe fourth element were the
v

first nonzero element, the element IZliexibility would be a 2x2
matrix. The sixth and seventh element of {Bi} would be used to
obtain the next two elements of the product. This procedure is
continued until all elements of the product have been calculated.
Finally, [Bél] is premultiplied in the normal manner by the
product {Bi}T[FV] to obtain {Dgl}.

Provision is also made in this part of the program for punch-
ing intermediate output which can later be used for a thermal
analysis (Appendix C).

Part III - Calculation of Flexibility or Stiffness Matrix.

The purpose of this part of the program is to evaluate the flexi-
bility matrix, Equation (B-5), for a force analysis or the
stiffness matrix, Equation (B-12), for a displacement analysis.
It should be noted that these two equations are not given by
Pestel and Leckie. It can be shown, however, that they are
equivalent to Pestel and Leckle's equations.

A procedure similar to the one used in Part II for
i,T i,T : ~ e
{BlJ [Fv]’ or {Al} [Kp], is used to obtain [FV][B], or [Kp][A].

The major difference is that the products are rectangular matrices

rather than vectors.
Part IV - Internal Forces and Displacements-Displacement

Method. This part is used in a displacement analysis to evaluate
Equations (B-15) and (B-16). Since the product [Kp][A] was
determined in Part III and stored, it is not necessary to perform
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this operation again in tnis part.

Part V - Internal Forces and Displacement-Output. The

only purpose of this part of the program is to punch the internal
force matrix [B] and the flexibility matrix [Fd] for either type

of analysis.

Analysis of the Test Panel

The use of the Matrix Force/Displacement Program is illus-~
trated by ana.yzing Panel Configuration I (Figure A-1) by both
the force method and the displacement method. The other panel
configurations could not be analyzed because of the size
limitations of the program. The results are compared with those
calculated by the direct stiffness method.

An exploded view of the panel is shown in Figure B-1. The
independent internal forces selected for the analyses are also
shown. There are twenty elements, forty-four internal forces,
and five reactions.

Force Analysis. The first requirement of a force analysis

is to determine the number of redundants. This number is given

by the equation

P+E-D (B--24)
where = number of redundants.
number of independent internal forces.

= number of external reactions.

O =3 v v
il

= number ¢of nodal degrees of freedom. For
Panel Configuration I, there are twelve nodes,
each with two degrees of freedom.
therefore R = 44 + 5 - 2 x 12 = 25
The twenty-five redundants must now be chosen. Rather than
attempting to define a statically determinate structure by
removing selected internal or external constraints, Argyris'
method (Reference 1) of self-equilibrating redundant force
systems will be used. Figure C-2 shows the four types of
systems selected for this analysis. All possible combinations
of these systems must be used to obtain the required twenty-

five redundants. The number of each type of system is




Rib-Web Systems = 12
Stringer-Web Systems = 9
Four Panel Systems = 2
Two Panel Systems = 2
Total Systems = 25

The unit redundant matrix [Bl] can be determined using Figures
B-1 and B-2. Each column of [Bl] consists of the internal
forces due to one of the redundant systems. The seventy-six
nonzero elements of [Bl] are given in Table B-2 along with their
row and column designation.

The internal forces due to unit values of the external
forces are shown in Figure B-3. Each of the two systems of
forces is statically equivalent to its corresponding unit external
load. The nonzero elements of [BO] are given in Table B-2 with
their row and column desigration. Column 1 corresponds to the
outboard load and column 2 to the inboard load.

The element flexibilities were determined by inverting the
stiffnesses. The calculation of the stiffnesses is discussed in
the following section. The flexibilities are shcwn in Table B-2
in the format in which they are stored in the computer. Although
all of the ribs and stringers are followed by the plate elements
in this example, any order could have been used.

The results of the analysis are also shown in Table B-2.
The two columns labeled "Internal Forces" are the matrix [B] and
the "Displacements" are the matrix [Fd]. These results are
discussed in a later section.

Displacement Analysis. The number of kinematic deficiencies

for a displacement analysis is given by the equation
K=D-F -E (B-25)

where K = number of kinematic deficiencies.

D = number of nodal degrees of freedom.
F = number of external forces.

E = number of external reactions.

2 x 12 -2 -5 =17

Each unconstrained nodal displacement must be given a unit value,

therefore K

and the corresponding element deformations must be obtained to

determine the matrix [Al]. Figure B-4 shows the regquired dis-
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placements for the example. The unit displacements at the loads
(**) are also shown. The deformations resulting from these
displacenients are used to determine the matrix [AO]. The
reference system used to determine the plate element deformations
is shown below. The X-axis is fixed to the lower edge of the
plate and thy Y-axis vemains perpendicular to the X-axis.

This system is consistant with the independent internal forces

} ¥

om T
(Figure B-1). The nonzero elements of [Al] and [AO] are shown
in Table B-3,
The rib and stringer stiffrnesses were determined from the
equation
Kg = AE/L (B-26)

The plate element stiffnesses were calculated from the same
rectangular plate stiffness matrix used in DORA. The 8x8
singular stiffness matrix was reduvced to a 5x5 nonsingular matrix
by striking out the rows and columns corresponding to the con-
straints shown in the sketch above. The plate flexibility matrices
used in the force analysis were obtained by inverting the stiff-
ness matrices. The element stiffnesses are tabulated in Table
B-3.

The results are tabulated in Table B-3. As in the force
analysis, the unit internal force matrix [B] is labeled "Internal

Forces" and the flexibility matrix [Fd] is labeled "Displacements".

Comparison of Results

A comparison of both the "Internal Forces" and the "Displace-
ments" calculated by the force and displacement methods shows
that the maximum difference is one digit in the seventh significant
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digit. This difference can be considered to be negligible.

A comparison of the deflections at the loads can also be
made between the force/displacement method and the direct
stiffness method. Using the force method flexibility matrix,

the displacements at the loads are

doutboard .21905393 .12551318 0.5]
-5
= 10 J
dinboard .12551320 .1986546 0.5
.17228355
= 107°
.16198933
L 4
The above results agree with V10 and Vll of Table A-2

through the sixth significant digit. Although the difference
here is greater than the difference between the force and dis-
placement method resuits, it is still considered negligible.

The Matrix Force/Displacement Frogram could be easily
modified to include three-dimensional structures. The number
of columns in [Fv] would be increased and the procedures for the
multiplications involving {FV] would be expanded.

The major disadvantage of the present program is that the
three input matrices must be determined by hand. Preliminary
investigation indicates that, at least for the displacement
method, all of these matrices can be machine generated. This

possibility should receive additional investigation.

-B-12 _
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cC cC TABLE B-1
MATRIX FORCEZDISPLACEMENT PROGRAM LISTING

EelLe COOK AND HeEs LAMBERT

~ -~

R A S . 220

THIS PROGRAM MAY 8E USED TO ANALYZE STRUCTUTES BY EITHER THE
MATRIX FORCE METHQD OR THE MATRIX DISPLACEMENT METHODe THE STRUCTURE
AY HAVE ANY COMBINATION OF DIFFERENT TYPES OF F_EMENTS AS LONG AS NO
ELEIMENT HAS A FLEXIBILITY OR STIFFNESS MATRIX LARGER THAN FIVE~BY~FIVEe.

QTHER RESTRICTIONS ARE~

le MAXIMUM NUMBER OF ELEMENTS = 55
2. MAXIMUM NUMBER OF INTERNAL FORCES = 55
3¢ MAXIMUM NUMBER OF EXTERNAL FORCFES 10
4¢ MAXIMUM NUMBER COF EXTERNAL FORCES
PLUS REDUNDANTS OR KINEMATIC DEFICIENCIES = 45

]

THE INPUTS TO THE PROGRAM ARE AS FOLLOWS-

X EFEET SR LY R PARAMETER CARD = NUMBER OF gLEMENTS (K), NUMBER OF

* * INTERNAL FORCES (L)« NUMBER OF EXTERNAL FORCES (M)
* CARD 1 *  NUMBER OF REDUNDANTS OR DEFICIENCIES (N)s NUMBER OF NON-
* ¥ ZERO ELEMENTS IN BO OR A0 (NZEBO)+ NUMBER OF NONZERO

63 30 3 33 % % # ELEMENTS IN Bl OR Al (NZCBI)e AND A DESIGNATION FOR THE

METHOD BEING USED (KK FOR THE FORCE METHODe. KK=14+ AND
FOR THE DISPLACEMENT METHOD. KK=2, THESE RPARAMETERS MUST Bf. IN FIXED
POINT NOTATION (NO DECIMAL POINT3) B8ND MUST BL SERPARATED BY AT LEAST
ONE BLANK . [eE oo

12 24 2 11 7 54 I

33 393 3 XKk XX ELEMENT FLEXIBILITIES OR STIFFNESSES - THESE CARDS

* *  CONTAIN THE ELEMENT FLUXIBILITIES OR STIFFNESSES IN A

* CARDS 2 * SPECIAL FORMAT. EACH CARD MUST CONTAIN FIVE NUMBERS IN
*¥ THRU L+1 * FLOATING POINT NOTATION (DECIMAL POINTS REQUIRED)e A

* *  TWO~FORCE MEMBER WIiLL HAVE A SINGLE CARC wiTH FOUR ZgROS
XRERERAEXXEXE  FOLLOWED BY THE FLEXIBILITY OR STIFFNESS OF THE ELEMENT-

0e0 0e0 0s0 0e¢0 +66666667€~-06

A BEAM ELEMENT(SAY PINNED AT THE &NDCS WITH MOMENTS AT BOTH ENDS) WwilLL
HAVE TWO CARDS WITH THREE ZEROS FOLLOWED BY THE FLEMENT FLEXIBILITY
OR STIFFNESSe [ eE e

0a0 060 040 I11T1IIE~06 —405555555C~06
0e0 0e0 0a0 =40555558%E-06 «11111111£-00,

AND SO ON UP TO A PLATE ELEMENT WHICH WILL HAVE FIVE CARCS CONTA!WNING
AN ELFMENT FLEXIBILITY OR STIFFNFSS MATRIX OF THE FORM =

240000E-05 ¢29999E~05 +99999E~0U6 —+33333E-06 - 33333E-06
e 29999E—05 +BOEE66E-05 «S6H66E-0C5 +299997~05 -¢29999E-05
e 99999E —06 «56666E~05 +66666E-15 266606E-75 ~¢33333E-05
—e¢33333E-06 +29999E-05 ¢26666E-05 +39999€-05 =-+19999E£-05
—e33333E-06 —¢29999E-05 =+ 3333I3E-09 —,19999E-05 +39999£-0¢<
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EEE T B 2L E R 2]
* NEXT *
* NZEBD %
* CaRDs *
LR T EREE 2222 R

EE S LR X L SRR R
*  NFXT %
* NzEB1 *
* CARDS %
% 36 3 N 3 K kA H*

TABLE B-i (CONTINUED)

OR A0 - EACH CF THESE CARLS CONTAINS
80 OR A0 PRECEEDED BY NUMEERS

COLUMN IN WHICH 1T APPEARS,

IN FIXED POINT NOTATION AND THE
POINT NOTATIONs leEecs

NONZERO ELEMENTS 1IN RO
ONE NONZERO ELEMLNT OF
INDICATING THE ROW AND
THE ROw AND COLUMN ARE
ELEMENT 1S 1IN FLOATING
10 3 =«70710680E+01
IN Bl OR Al - THESE CARDS ARE REGUIREC
INDETERMINATE OR KINEMATICALLY

THEY CONTAIN THE NONZERO ELEMENTS
IN THE

NONZERO ELEMENTS
ONLY FOR STATICALLY
DEFICIENT STRUCTURES.
OF B1 OR Al IN THE SAME FORMAT AS THE CARDS
PRECEDING GROUP.




TABLE B-1 (CONTINUED)

C MATRIX FORCE/DISPLACEMENT PROGRAM
C
C PART I = INPUT
C 2SI TSI EE LY S 23
C
C Ecl.e COOK AND GeEes LAMBEPT - REVISED APRIL 1966
C
COMMON KoL ¢sMiNIsMNIKK sFV(35545)eB801 (55145}
C
C READ AND PUNCH PARAMETERS
C
I READ 100 +KsLeMiNNZEBO'NZEB] + KK
GO TO(501e¢8502) KK
501 PUNCH 301
GO TO 502
502 PUNCH 02
S03 PUNCH 300¢KeslL+MeNoNZEBO WNZERT
C
C READ AND PUNCH FV OR KP BY ROWSe FIVE VALUES PER CARD
C
GO TO(S11+4512) KK
511 PUNCH 311
GO TO 313
512 PUNCH 312
513 DO 2 I=1sL0
READ ICI1+FVII o1 )eFVITe2)sFVIIe3)eFVIIe4)FV(145)
2 PUNCH 101 eFVIT a1 )eFVITs2)eFVIIs3) 1 FVI[v8)+sFVI(]+5)
C
C CLEAR BO1 OR AOI
C
MN=M+N
DO 3 1=1.0L
DO 3 J=1+MN
3 BO1(1e2)=0.0
C
C READ AND PUNCH NONZERO ELEMENTS IN BO OR AO
C

GO TO(521¢522) KK
521 PUNCH 321
GO TO 523
522 PUNCH 322
523 DO 4 [1A=1.NZEBO
READ 10241 ¢JeBO1 (1)
4 PUNCH 1024¢14J4B0O1(140)
IF(N)14474530
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C TABLE B-1 (CONTINUED)

READ AND PUNCH NONZERO ELEMENTS IN B1 OR A:

530 GO TO(S5314532) KK

531 PUNCH 331
GO TO 533

532 PUNCH 332

533 DO & lA=1+NZEBI
REZAD 10241 4JeB11 Y
PUWCH 102616 UeB11J
JM=J+M

6 BOl1(l«uMy=g11J

T ALINK=UINK (]I ,C)
14 STOR

100 FORMAT. 15)
101 FORMAT(5J16.8)

102 FORMAT(2135+E1608)

300 FORMAT(K15/)

301 FORMAT(256H SORCE METHOD - PARAMETERS/)
302 FORMAT(33H D!SPLACEMENT METHOD - PARAMETERS/)
311 FORMAT(22H ELEMENT FLEXIBILITICS. )

312 FORMAT(20H FILEMENT STIFFNESSES/)

321 FORMAT(/23H NONZERO ELEMENTS IN 807)
322 FORMAT(/23H NONZERO ELEMENTS IN AO0/)
23] FORMAT(/23H NONZERO ELEMENTS IN B1/)
332 FORMAT(/23H NONZERO ELEMENTS IN Al/)

END
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TABLE B8-1 (CONTINUED)
MATRIX TORCE/DI1SPLACEMENT PROGRAM

PART Il -~ RECURSION ANALYSIS

ES 2222222 XSS RS RS SS RS R 28 2

10

11
12

15

EelLe COOK AND GeEe LAMBERT ~ REVISED JULY 1966

COMMON K L sMiN MNIKKFV{554¢5):801(55+45)
DIMENSION BITFV(SS)+001(45)

PRINT 102
PAUSE

D0 19 [R=14N
B1 TRANSPOSE TIMES FV OR Al TRANSPOSE TIMgS KP

DO 2 1=1sL

BITFV(1)=0.,0

J=1

DO 15 1S5=14+K

IF(FV(J+1))20+543

Ja4=J+4

DO 4 [A=1+5

1A= 1A+~

DC 4 JUA=JUJ4
BITFV(1AJU)Y=BITFV(1AJ)4+B801 (JAMNY EFV(JATA)
J=J+5

GO TO 15

IF(FV(J+2))12048+6

J3z=J+3

DO 7 1A=2+5

fAU=1A4U-2

DO 7 JA=JUWJI3

BITFV2 AU =BITFV(IAJ)+BO1 (JAMN) ¥FV(JA1A)
J=J+4

GO TO 15

IF(FV(J+3))20¢11.9

Ja=J+2

00 10 [A=3.5

1AUz=1A4JU~3

DO 10 JUA=UJ2
BITFV(1AU)=BITFV(1AJ)+BO1(JAMN) ¥FV(JAJLA)
J=J+3

GO TO 1S5

IF(FV(J+4))204+14,41i2

Jl=J+1

DO 13 1A=4.5

[AUz=lA+U=-4

0O 13 JA=U,J1

BITFV(TA =BITFV(1AJ}+BO1 (JAMN) RFV(JA]1A)
JzJ+2

GO TO 1S

BITFV(J)I=BOI{J MNI¥FV(J:S)

J=J+1

CONT INVE

. —— T am




(@]

OO0

OO0

16

22
23

17

18
19

101
102

TABLE B~1 (CONTINUED)

CALCULATION OF DOI(BITFV TIMES B01 OR AI1TKP TIMES AO1)
DQ 16 1=1+MN

DOI1(1)=040

DO 16 J=1.L

DO1(1)=0O01(1)+BITFV(U)*¥BOI(J1)

PUNCH INTERMEDIATE CUTRPUT FOR INITIAL STRAINS
IF{SENSE SWITCH ()21+23

PUNCH 101,001 (MN)

0O 22 I=1.L

PUNCH 101801 (1+MN)

CONT INVE

CALCULATION OF REDUNDANTS OR DEFICIENCIES(STORED IN DO1)

DO 17 1=14MN
DO1(3)==DO1(1)/001 (MN)

CALCULATION OF NEW BOI OR AQ1

DO 18 I=1+L

DO 18 J=1+MN
BOI(14J)=2B01(1+J)4+BO1 (] +MN)I*DO (.}
MN=MN-1

MN=M4N

ALINK=LINK(1,0)

STOP

FORMAT(SE168)

FORMAT(38H THRN SWITCH | ON FOR THERMAL ANALYSIS/I2H PRESS

END

B-22

START)




OO0 000 O

OO0

TABLE B~1 (CONTINUED)
MATR1X FORCE/DISPLACEMENT PROGRAM

PART 11 - CALCULATION OF FLEXIBILITY OR STIFFNESS MATRIX

LA SRS 2222 R R 2SS R SRR ES R R SS SRR RS2SRSS SRS SRR X

25

10

11
12

13

14

1S

Eoele COOK AND Ge+Ee LAMBERT - REVISED APRiIL 1966
COMMON KsL sMiNIMNIKKFVI(S5S545)+1B8(55+445)+FD(10+10)
CALCULATION OR FV TIMES B OR KP TIMES A(STORED 1IN 8)

MNz=M+M

Ml=M+1

DO 25 I=1+L

DO 25 J=M1 +MN
B(1+J)=0,0

DO 15 1R=1 M
|RM=[R+M

J=1

DO 1S 1S5=1.K
IF(FV(J91))204¢5+3

Ja=J+4
DO 4 [A=145
TAJ=T1A+J=1

DO 4 JA=J.Ja
BTAJWIRM)I=B(1AJ+IRM)I+B(JAJWIRIXFVI(JALIA)
J=J+S

GO TO 15

[F(FV(J12))120¢846

Ja=J+3

DO 7 1A=2+5

JAJ=1A+U=-2

DO 7 JA=JsJa

B1AJWIRM)=B( 1AJIRMIF+BIJALIRIXFV(JA]A)
J=J+4

GO TO 18

IF{FV(J*¢3))20411,9

Ja=J+2

DO 10 1A=3,5

1AJ=1A+J~-3

DO 10 JA=JJ4
BIl1AJ«IRM)=B(IAJJIRM)I4+B(JAIRIX¥FV(JA1A)
J=J+3

GO TO 15

IF(FV(Jea))20414412

Jaz=J+1

DO 13 1A=4.8

1AJ=1A4+J~q

DO 13 JA=J+.J4G
BITACIIRMISB(TAJWIRMIHBIJAGIRIXFV(JAIA)

b 14 M
WEw Y.

GO TO 15
B(JsIRM)=B(JsIRIX*¥FV(J4S)
J=J+1

CONTINUE

*~



O

17
18

20

TABLE B-1

CALCULATION OF FD OR KP

DO 18 TleM

IM=1+M

DO 18 J=1.M

FD(1+J)=0eC

DO 18 K=t1sLL
FO(1oJ)=FD(14J)+BIK s IM)%BIKJ)
IF(ABSIFD(1+J) )=, 10%%20)17417418
FO(14J)=0.0

CONT INUE

ALINK=LINK (1.0)
STOP

END

(CONT INUED)




OO0 0 (o]

g

OO0

OO0

C TABLE B8~1 (CONTINUED)
MATRIX FORCE/DISPLACEMENT PROGRAM

PART IV = INTERNAL FORCES AND DISPLACEMENTS - DISPLACEMENT METHODR
A 2 R R e R ey S I R R R R 2 TR S SRS TS SR

EelLe COOK AND GeEe LAMBERT - REVISED APRIL 1966
COMMON KL +MaNIMNIKKIFV(S5:5)1B(55¢85)+FD(10+13)
GO TO0(184600) oKK

INVERSION OF KF TO OBTAIN FD

600 DO 604 [=1M
STORE=FD(1.1)}
FD(112=1a.0
DO 601 J=i M

601 FD(14+J)=FD(1+J)/STORE
DO &04 K=1 M
IF(K~1)602+6044602

602 STORE=FD(¥ 1)
FD(Kes1)=0+0
0O 603 J=ti oM

603 FO(KeJ)ISFO(KaJ)I=-STORE*FD(1+D)

sC4 CONTINUE

CALCULATION OF B

00 a1 I=1.L

DO 41 J=1eM

B(1:3)Y=0.0

DO 41 K=1 M

IM=K4+M
41 Bl eD)=B(l eJ)4B(lsIM)*¥FD(KJ)
18 ALINK=LINK(1:0)

END

B-25




OO0 000 O

000

00

TABLE B-1 (CONTINUED)

MATRIX FORCE/DISPLACEMENT PROGRAM

PART V - INTERNAL FORCES AND DISPLACEMENTS

- OUTPUT

22 AR RS SRR RIS ISR R R R E R T RPRR ISR

611
612

621
622

631
632

641
642

651
652

700

711
712

721
722

731
73z

741
742

751
782

800
400

401
402

EelLe COOK AND GeEe LAMBERT - REVISED APRIL

1966

COMMON Kol ¢+MyNIMNIKKFV(S55¢5)+18(55445)+FD(10+10)

INTERNAL FORCES

PUNCH 401

GO TO(6114621463146414651)eM
DO 612 I=1,L

PUNCH 400-.8(14+1)

GO TO 700

DO 622 I=1.L

PUNCH 400+8(1+1)eB(1.42)

GO TO 700

00 632 I1=1.L

PUNCH 400«8(1+41)3B(1+¢2)48(1.+3)
GO TO 700

DO 642 1=1,L

PUNCH 400¢B(141)4B(142)eB(143)4B(1:4)
GO TO 700

DO 652 I=1.L

PUNCH 400+B(1+1)4Bl142)+B(1413)+4B(1¢4)+B(1:5)

DISPLACEMENTS

PUNC'Y 402

GO TO(711e7214731474147S1)¢M
DO 712 I=1eM

PUNCH 400+FD(141)

GO TO 8Go

0O 722 I=1+M

PUNCH 400+FD(1«1)+FD(142)

GO 70 800

DO 732 1=1.M

PUNCH 400+FD(I141)sFD(T142) «FD(12)
GO TO £00

DO 742 I=1M

PUNCH 400+FD(I141)+FD(I1¢2)sFD(1+3)4FD(1+4a)

GO TO 800
DO 752 1=1.M

PUNCH a00:8DL) 1 :FDL1.23.5001.2354F010 1
ALINK=LINK(]140)

FORMAT(SE164B)

FORMAT(/16H INTERMNAL FORCES/)

FORMAT (/14aH DISPLACEMENTS/)

E£ND




(9]

OO OO00OO0

C

C

TABLE B-1 (CONTINUED)
MATRIX FORCE/ODI1SPLACEMENT PROGRAM

PARY V1 -~ INITIAL FORCES

IE2 222222322 R 222222222 2 228 23

10

12

14

16

101

Eele COOK =~ JULY 1966

COMMON KslLeMoN
DIMENSION BH(55+55) «B1(55)

DO 10 I=1.L
00 10 u=l.sL
BH(14J)=0e0
DO 14 1A=1 N
READ 1014011
DO 12 J=1.sL
READ 101+B1(J)

DO 14 1=1.L
DO 14 JU=1.L
BH(I+U)=BH(1.J)-B1(1)%B1(J)/D11
DO 16 1=1sL

DO 16 J=1lsL
PUNCH 101+BH(1+2)

FORMAT(SE16.48)

END




FORCE METHOD -

20 a4 2

«00000000E-50
¢« 00000000F-50
«00000000E-50
¢00000Q00E~-5C
«00000000E-50
«000C0000E~50
¢+ 00000000E~-50
¢00C00000E-50
+00000000E-50
+00000000E-%0
+00000000E-50
¢+ 00000000E-50
¢« 00000000E-50
«00000000E-50
¢ 17438655E-05
«50000000E-C6
+ 12438654E-05
¢« 31600000E-06
¢ 31600000E-06
¢ 91097958E-06
¢ 24999967E-06
«66097930E-06
¢ 31599989E-06
¢ 31 599999E-06
¢ 1743B65SSE-0%
¢ 50000000E-06
¢« 12438654E-05
¢ 31600000E-06
¢« 31600000E-06
¢ 91097958E-06
«249993€7E-06
+66097930E-06
¢ 3159998%E-06
¢ 31599999E~06
o1 7438655E-05
¢+50000000E-06
a 12438654E-05
=+ 31A0000GE-06
¢« 316000C0E-06
¢ 91097958F -0K
¢ 24299967E-06
¢ 66097930E-06
¢ 31599989E-06
¢ 31599999E-06

TABLE B-2

FORCE ANALYSIS - PANEL CONFIGURATION |

PARAMETERS

25 10 76

ELEMENT FLEXIBILITIES

«00000000E~50
«00000000E~-5S0
«00000000E~50
«00000000E~5S50
«00000000E~-50
«00000000E~-S0
+«00GO0000E-50
¢ NN ICOQ0E~S0
- «w000000£-50
¢+ wvU0O0O000N0E~SO
¢« 0CO000GOE~5S0
«00000000E~S0Q
+«00000000E-S50
«00000000E~50
«500000C0E-0O6
¢ 14887080£~-04
«14387081E-0a
«48775398E-05
042455399€E-05
0 24999967E-06
¢ 37481823€E-04
¢37231824E-04
¢ 69919585E~05
¢63599639g-05
«50000000E-06
«14887080E-04
«14387081E-04
¢ 48775398E~-05
-~ e42455399E -05
¢ 24999967E~06
«37481823E-04
¢37231824E-04
06991 7585E-05
¢63599639E-05
¢50000000E-06
¢14887080E-04a
¢ 14387081E-Ca
:A8778398r-Cg
«42455399E-05
¢ 249999€TE-06
+37481823E~04a
¢37231824E-04
¢69919585E-05
~e63599639E-C5S

+«00000000E~-50
«00000000E-50
+«00G00000E-50
+«00000000E-50
«0000V000E-50
+00000000E-50
+00000000E-50
¢00000000E~-50
«0000000CE-50
+«00000000E-50
+«00000000E-50
«00000000E-5C
+«00000000E-SC
+«00000000E~-5C
¢+ 12438654E-05
«14387081E-04
¢ 15630947E-04a
«45615403E-05
¢45615405E-05
+66097930E-06
¢37231824E-04a
¢ 37892806E-04
e 66759589E-05
e 6675964 3E-05
¢12438654E-05
«143837081E~04a
¢ 15630947€~-04a
¢45615403E-05
¢45615405E~-05
s66097930E-06
¢37231824E-04a
¢ 37892806E-04a
e 66759589E-05
—e66759643E-05

¢ 12438654E~-05

¢14387081E~-04

»15630347E-Ca

A
-C%

«ASELIS203T
¢45615305E-05
¢ 660973930E-06
¢37231324E-04
¢ 37892306E-04a
¢66759589£--05
—e66759643E-05

+00QC00000E-50
«0000000CE~-50
+«00000000E-50
«00000000E-50
+00000000E-S0
«00000000E-50
+«0000C000E-50C
«000000COE-50
+00000000E-50
+00000000E-50
+00000000E-50
«00000000E-50
+00000000E=-50
+000C0O000E-50
¢31600000-Co
¢ 48775398E-05
¢ 45615403085
« 42807699E-05
«28076989€-06
¢31599989E-06
¢69919585E-05
0 66759589E -0
¢56689901E-05
¢23310084E-05
¢31600000E-06
¢48775398E-05
¢45615403E-05
¢ 42807699E-05
¢ 28076989E-06
¢ 31599989E-06
+69919585E-~05
¢ 66759589E-05
¢ S56689901E-05
¢23310084E-05
¢316C0000E-06
«48775398E£-05
¢45615403F-05
«320076%5€-05
«28076989€-06
¢ 31599989E-06
» 59319585 -05
¢ 66759589E-05
¢ 56689901 E-0S
¢23310084E-0S5

¢ 13289036E-05
¢ 66445180E-06
¢ 13289036E-05
¢ 66445180E-06
¢ 1 3289036E-05
¢66445180E-06
¢ 13289336E-0¢%
¢ 66445180E-06
¢ 13289036E-05
s 13289036E~-05
¢ 132890 36E~-05
¢ 13289036E-0%
« 13289236E-05
» 13289036£-05
»31600000£-06
¢ 42455399 -09
¢ 455615405£-05
¢ 28076989 -05
¢ 42807699E-0%
¢ 31599999 -0¢
e 63599639E-05
«66759643E-05
+23310084E-05
¢ 56689920E-05
¢31600000E-06
¢ 42455399E-05
¢ 45615405E-0¢S
¢ 28076989E-06
s 42807699E-05
2 31599999E-06
e 63599639E-05
e 66759643E-05
¢23310084E-05
e S6689920E-0%
¢31€600000E-06
¢ 42455399E-05
¢ 45615405E-05
+» 280 TH6I8FE-06
«42807699E-05
¢ 31599999E-06
¢63599639¢~05%
e 66759643E-0%
¢23310084E-05
2 56689920E-05




c cC

NONZERO ELEMENTS

10
12
37
38
40
41
42
10
12
14

NONZERO

i
i
1
i
1
i
1
z
2
2

IN B¢

«10000000E
«10000000E
- ¢50000000F
+10000000E
~eS0000000E
+50000000FE
~¢30000000E
«10000000E
¢+ 100C0000E
¢+ 10000000E

ELEMENTS IN B1

VO OVDODOONNNCOCOAU LD WWNN— -

10
10
10
11
i1
i1
12
12
12
13

[
o

14
14
1S
1S
16
16
17
17
18
18

«10000000E
«10000000FE
«10000000F
¢« 10000000E
¢« 10000000E
«10000000E
«100000090F
«10000000E
¢ 100C0000E
¢ 100000090F
«10000000E
¢« 10000000E
«10G00000E
« 1000000CE
«10CO0000E
e 10000000F
«10000000E
« 10000000F
.10000000¢&
«10000000E
«10000000FE
«10000000F
«1000000GE
«10000000FE
«10000000FE
¢« 10000000FE
-e¢10C00000E

«10000000F

«10000000FE
-e¢10000000E

«10000000€
«10000000€
~+10000000FE
«10000G0O0E
—«10000000E
«10000000E
~¢10000000E
«100000COE

!

-+1000000CE

«10000000E

-+10000000E

ol
ol
00
01
00
00
00
01
o1
ol

01
01
o1
o
01
01
o1
o1
o1
o1
01
(o]}
o1
o1
o1
o1
o
o1
(oD
o1
o1
01
o1
(o]}
o1
01
Gl
o1
Gl
o1
o1
Qi
(o]
o1
01
o1
ol
Cl1
o1
01
o1
o1

TABLE B-"

( CONT INUED)




10
19
12
29
14
39
17
18
19
20
21

23
24
27
30
31

27
28
29
30
31

33
34
37
40
a1

22
23
24
32
32
33
34
42

19
19
20
20
21

21

22
22
22
22
22
22
22
2c
22
22
23
23
23
23
23
23
23
23
23
23
24
24
24
24
25
25
25
25

«10000000E
-~¢10000000E

«10000000E
-¢10000000E

«10000000E
-¢10000000E
-¢10000000E

«20000000E
~+20000000E
-¢10000000E

«10000000E
-~e¢40000000E

«40000000E

¢10000000E

«10000000E
-+10000000E
¢« 10000000E
«20000000E
«2000C00CE
¢ 1000000CE
¢10000000E
¢ 40000000E
s40000000E
¢10000000E
«10000000E
-¢10000000E
«10000000E
«40000000E
¢ 20000000E
-+1000C000E
«10000000E
«40000000E
+40000000E
-+10000000E

01
01
01
01
o1
o1
o1
01
0l
01
01
01
01
21
o1
01
o1
ol
ol
ol
01
01
ol |
01
01
01
01
01
ol
ol
ol
01
o1
01

TABLE B-2

(CONT INUED)




C

C

INTERNAL FORCES

0197227O3E—01
«48524270E-01
- ¢57857788E~O1
~,79863338E-01
— e 16905167E-01
,2a894030e—01
“0896536Q3E—01
- 12518682E 00
»11632817E 00
«50709291E 00
»34600593E 00
+31432608E 00
«60246070E 00
.12306753E 00
.19722703E-01
-.10884170E 00
—.61164867E—01
«22368496E 00
—.2487&727E—02
~412148229€E 00
~¢33272969E-01
05695\259E—01
060668359E—01
«94713037E-01
050983918E—01
—e94638121E-0!
- e29107679E-01
»24149878E 00
—015221922E—01
—.32959770E—03
—.69947840E—01
0529833906—01
«B6535900E-01
«26855220E-01
.77732955E—01
—.89653643E—01
—e11659404E €O
39753934 0C
—e 15461664 00
.12340027E-01
081060831E—01
—.87774645E—01
.31549070E—01
.0000000CE-S0

DISPLACEMENTS

. 219065393E-05
012551320E~05

TABLE B-2 { CONT 1NUED)

£13555068E-01
+37084025E-01
—e6a229601E-01
-¢10a437724E 00
~064229588E-01
~+10437719€ 00
. 13555014€-01
«37084137E-01
«93706815E-01
«53004589E 00
.20810741E 00
»43336064E 00
+93706822E-01
«53004593E 00
«13555068E-01
«84239114£-01
—e55106279E-01
«18498399E 00
+33410857€-01
-¢10226137E 00
~e78377421E-02
e3115917SE-01
6456685 1E-01
9328562701
«20009516E-01
«200094894E-01

—¢20009506E-01

«70583396E-01
.1362C602E 00
.a2805897E-01
«42805857E-01

—~+42805858E-01

*e58456955E-01
293285599E-01
—.84239085E—01
e 13555014E-01
.12579042E 00
~e93706822E-01
«31210171E 00
-.78376081E-02
~e10226128E 00
. 78939869€-01
. 157852428 00
oOOOOOOOOE—SO

.12551318E-05
.19846546E-05




DISPLACEMENT METHOD

20 LX) 2

C1SPLACEMENT ANALYSIS -

1

- PARAMETERS

7 S 84

ELEMENT STIFFNESSES

+«00000000E-50
«D0000000E~-50
«0GO000000E-50
+«00000000E-50
«00000000E-50
«00000000E-50
+«000000D0E-50
+«00000000E-50
+«00000000E-50
+00000000E-50
+«00000000E-50
«00000000E-50
«00000000E -50
+«0000000VE=-50
«80394546E 06
«30698789C CAh
40197270 06
«7221C67'E 04
. 18274854E 06
e 15129061E 07
e 70896070C 06
e 7564531 0E 06
e72210571E 04
« 18274854E 06
«80394546E 06
«30698789E 06
-s40197270E 06

«72210671E 04
-.18274854E 06
«15129061E 07
«70896070E 06
e 756453106 06
«72210671E 04
-.18274854E 26

«80394546E C6

e 30698789E 06
-—+40197270E 06

~72210671E 04
-.18274854E 06

e 15129061E 07

«70896070E 06
-+ 75645310E 06

«72210671E 04
-.18274854E 06

I

I

I

¢00000C00E-S0
«00000000E-50
+«00000000E~50
«00000000E-50
«0000C000E-50
«00000000E-50
+00000000E-50
¢« 00000000E-50
¢« 00000000E-50
«00000000E-5V
«00CCHO000E-S0
¢« OOCGVOO000E-S0
«00000000E-50
«00000VQCE-SC
¢« 3U698789E C6
«80394546E 06
¢ 7. 396066E (6
s 1B274854E 06
«72210071E 0Oa
s 70896070E 06
18129061 07
e146S4137E 07
¢ 18274854 06
e72210671E 04
¢« 30698789E 06
«80394546LE 06
¢ 70896066E 06
¢ 182748S4E 06
«72210671E 0Oa
«708960C70E 06
e 15129061E 07
e 14654137E 07
e 182748%54E 06
«e72210671E 24
«30¢ 3I789E 06
280 4546 Ch
«708 . ,066E 0¢
e 182748%54E 06
«e72210671E Oa
« 70896070E 06
e15129061E 07
e14654137E 07
e 18274854E (06
e72210671:, 04

TABL.E B-3

200000000E-50
«00000000E-50
«00000000E-50
«00000000E-50
«000000920E~50
~00000000E-50
«00000000E-5V
+00000000E-50
«0000CO0O00E-50
«0000C000E-50
«00000000E-50
«0000C000E-50
«00000000E-50V
«0G0O0G000E-50
—e4U197270E 06
-« 70896066E 06
«80394546E 06
«72210671E C4
¢ 18274854E 06
—-e75645310E 06
~e 146541375 07
¢ 15129061€E 07
«72210671E 04
«18274854E 06
«40197270E 06
« 70896066E 06
«80394546E 06
«72210671E 04
e 182748%4E 06
¢ 79645310E 06
-ela654137E 07
«15129061E 07
-e72210671E Oa
«18274854E 06
«40197270E 06
«70896066E 06
«80394546E 06
272210671E 04
e 182746854E 06
¢ 75645310E 96
«14554137E 07
«15129061E 07
-e722106715 04
¢ 18274854E G6

I

PANEL CONF{GURATION |

«000C0000E-50
+00000000E-50
¢ 00000000E-50
+«00000000E-50
+00000000F-50
+00000000E~-50
«000000C0E-50
«00000000E-50
+«00000000E-50
«O0000000E-50
«0CJUI000E-S0
« 00 00000E-50
«00000000E-50
«00000000E-50
«72210671E 04
-+ 18274854E 06
—e72210671E 04
«43844839E 06
~¢160715C4E 06
«72210671E 04
-¢18274834E 06
—e72210671E 04
¢59916340E 06
«46029672E 06
«72210671E Oa
-+ 182748%4E 06
-e72210671E 04
+43844839E 06
-+16071504E 06
«72210671E Oa
-¢18274854E 06
-e72210671E 04
«59916340E 06
-e46029672E 06
«72210671E 0Oa
-¢182748%4E 06
-»72210671E 04
«+43844839E 06
«16071504E 06
«72210671E 04
«182748B54E 06
«72210671E 04
¢59916340¢€ 06
«46023672E 06

]

¢ 75250000€E
¢ 15050000
¢ 75250000E
¢ 15050000€E
¢ 7528%0000E
¢ 15050000€
» 75250000E
¢ 15050000k
¢ 75250000E
¢ 75250000¢
¢ 75250000E
¢ 75250000E
¢ 75250000E
¢ 75250000E
¢ 18274854FE
«72210671E
¢ 18274854¢
-+16071504E
«43844839E
-e18274854E
e 72210671F
e 18274354€
-+ 46029672E
¢ 59916340E
-v 18274854
e 72210671E
¢ 18274854E
-¢16071504E
¢ 4384a2839€E
—-e 18274854E
¢« 72210671E
¢ 18274854F
~-+46029672E
¢59916340F
-e18274854F
«72210671E
¢ 18274854¢E
~e 16071304F
¢43844839E
-e18274854FE
e 72210671E
¢ 18274854E
-e46029672E
¢59916340€

06
07
06
c7
06
07
06
07
06
06
06
06
06
06
06
04
06
06
06
06
04
06
06
06
06
04
06
06
06
06
04
06
06
06
06
04
06
06
06
06
Oa
06
06
06




C

C
NONZERO

13
38
14
39
a3

NONZERO

15

16
17
18

15
16
17
20
21
22
24

16
25

11
18
P
27
28

17
21

25
26
27
30
10
12
19
213
26
27
29
31

3z
33
2a
31

32

34

ELEMENTS

AV VI

ELEMENTS

VOV OV IO NNNNNNNNOOOOOOTOTOOOPVAULDLLWLWWWWWINIDILIND =~

IN AO

»10000000E
¢ 10000000E
¢+ 10000000E
+10000000E
+10000000E

IN Aj

-¢10000000€
«10000C00E
-+10000000E
-+20000000E
-¢20000000E
-+10000000E
+10000000E
-¢10000000E
~-¢1000000CE
-+10000000E
~¢10000000E
¢ 10000000E
«40000000€
+40000000E
-+10000000E
-+10000000E
¢ 1000000CE
«10000000E
«10000000E
-+ 10000000E
+10000000E
-+200C0000E
-¢20000000E
-+¢10000000E
«10000000E
-+10000000E
+10000000E
«10000000€E
-+10000000E
-+10000000E
-+10000000E
+10000000E
¢+ 10000000E
-+10000000E
+10000000E
+20000000E
«200C0000&
-¢10000000£
-+¢40000CO0E
-+40000000E
-+10000000&£
¢ 10000000E
«40000000F
+40000000F
-+«10000000E

ol
01
01
o1
ol

01
ol
01
01
01
ol
ol
01
01
o1
0ol
ol
ol
ol
ol
01
01
01
ol
0ol
ol
ol
ol
ol
01
ol
ol
ol
01
01
01
01
ol
ol
01
Nt

ol
ol
(o} }
ol
ol
01
o1
o1
ol
0l

TABLE B-3

(CONTINUED)

B-33




26
35
11
13
28
36
37
38

27
31
35
36
37
a0
12
14
29

10
10
10
11

11

11

11

11

11

12
12
12
12
12
1e
12
12
13
13
13
13
i3
13
12
13
13
13
14
14
14
14
15
15
16
16
16
16
17

«10000000€E
«10000000E
«10000000E
«10000000E
+1000000Q0€E
«10000000E
«20000000E
s 20000000€E
¢ 10000000E
¢« 10000000E
¢ 10000000€E
«10000000E
¢ 1C000000E
«10000000E
«10000000E
«10000000E
« 10000000
« 10000000
«10000000€E
+10000000E
»100G00C0E
2 20000000E
+s 20000000E
«10000000E
«40000000E
¢40000000E
+10000000E
+10000000F
¢ 40000000€E
«40000000E
«10000000E
¢ 10000600E
«10000000E
«10000000E
¢ 10000050E
«10000000E
«10000000E
«10000000€E

01
01
01
01
o1l
01
(¢}
01
(¢}
01
01
01
01
o1
01
ol
01
ol
o1l
01
o1
01
01
01
ol
(¢}
o1l
o1l
o1l
01
01
o1
cl
0!
01
o1
01
ol

TABLE B-3

({CONT INVED)




C

C

INTERNAL FORCES

¢ 19722669E-01
048524245E-01
-e¢57857780E-01
- e 79863380E-01
- ¢ 16905155E~01
e24894110E-0!
-+ 89653650E-0!
—-e12518663E 6O
«11632805E 00
«50709297E OO
¢ 34600586E 00
«31432610E 00
«60246065E OO
«12306755E 00
«19722711E-01
-+10884170E 0O
-e61164824E-01
«2236848B7E 00
-¢24874490E-02
-e12148231E 00
—-e33273048E-01
«56951298E-01
«60668326E-01
«94713022€E-01
«50983897E-0!
-e394638130E-~01
-e29107669E-01
«24149880E 00
-152220G30€E-01
- e32953000E-03
-e69947T7Y0E-0O1
«52983370E-01
+86535826E-01
¢ 26855288E-01
¢ 77732990E-01
- +89653670E-01
-+ 1 1659407E 00
¢39753937E 00
-e15461661E 00
«12340156E-01
«81060900E-01
~e87774710E-0C1
«31549050£-01
~:10122023E =07

DISPLACEMENTS

«21905389E-05
«12551316E-05

H

3

TABLE B-3

¢ 13555044E-01
«37084015E-01
064229596E-01
«10437723E CC
0564229580E-01
«10437721E 0O
¢ 135551 20E-01
¢37084060E-01
¢33706734€-01
«53004577E 00
«20810740E 00
«43336056E GO
¢93705820E-0!
«53004587€ 0O
*«13555080E-01
«84239126E-01
¢55106275E-01
« 18498394E 00
¢3341088%E-01
¢ 1022613%E 00
«78378230E-02
¢31159214E-01
«64566807E-01
«93285584E-01
«20009525€E+-01
«20009470E~01
¢ 20009491E-01
«70583420E-C!
«13620587E 00
»42806090E-01
«4280619CE-01
«42806150E-01
«58456838E-01
+93285660E-01
«84239030E£-01
¢ 1 35550606£-C1
¢ 12575024E 0O
+93706730E-01
¢31210163E 00
«78378750E-02
«10226148BE 00
«78940080E-01
¢ 15785242E 00

a 2Tt 108 AT
ERCa I L R

¢12551317€E-05
*«19846539E-05

(CONT INVED)




APPENDIX C

RECURRENCE METHOD FOR INITIAL STRAINS

Pestel and Leckie have developed the matrix force equations
for structures with initial strains in Reference 5, Section 9-3.
They have not, however, presented a recurrence method for solv-
ing these equations. The following pages present the derivation
of such & method and an example of its use.

The basic equations for the internal forces and the dis-

placements in the absence of external loads are

-1 T
{ = - -
(p) = -(B)(Dy;17 7 (By1 (h) (c-1)
= py Ly
{d} = [B] {h} (C-2)
where {p} = the internal forces due to the initial strains.

{d} = the displacements at the external load points
due to initial strains.

{hl = the deformations in the unassembled structure
due to the initial strains.

[B = the internal forces in the structure due to
unit values of the redundants. This is the
same as the unit redundant matrix used in an
isothermal analysis.

ll] = the matrix of displacements at the redundants
for unit values of the redundants. This matrix
is also used in the isothermal analysis.

[B] = the internal forces due to unit values of the

external forces. This matrix is one of the

primary results of an isothermal analysis.

The only guantity in Equations (C-1) and (C-2) that is not
available from an isothermal analysis, wher the recurrence method
is used, 1is the matrix [Dll]. This means that {Dll] must either
be calculated for thermal analyses or that a recurrence method
must be derived which obviates the need for [Dll]. The equa-

tions which can be used to derive the recurrence equations are

C-1




T
]

[Bllix} (C-3)

{v} = {h} + [Fv]{p} iC-4)

[Bl]T{v} = {0} (Compatibility) (C-5)
where {x} = the redundants due to the initial strains.

{v} = the deformations at the internal forces,

[Fv] = the flexibility matrix for the unassembled

structure.
As in the isothermal recurrence method, the n redundants are
eliminated one at a time with n recursions. Assume that

Equation (C-3) can be rewritten as

i i i i i
= [
{p} [BO]{f } o+ {Bl} X+ [Bh]Lh}
For the first recursion
(p} = g1ty + (2D WP v el (C-6)
where [BOJ = first n-1 columns of actual [Bl]‘
{B{} = last column of actual [Bl]'
[Bi] = first approximation of initial stress matrix
[Bh]'
{fI} = all redundants except the fir-: one to be elimi-
nated.
xI = the first redundant to be eliminated.
n = the number of redundants.
{Bé] = [0] since the structure is originally assumed to be
determinate.
Substituting Equation (C-6) in Equation (C-4)
I, , I,,.1 I, I I, . )
(V™! = {h} + [Fv]([Bollf b+ {Blf XxT o+ [Bh]{h}) {(C~-7)

The relative displacement at the first redundant xI can be

eliminated by using Equation (C-7) in Equation (C-5) giving

I.7,., . I ,7,_.1, I I I .7.
} { . 3 = (C -

{Bl, {hy + {Dlo} £7r 4 Dllx b {Dlh ih 0 (C-8)

I ,7T I,7T I
= {(p>}°{

where {Dlo} (B]} va][BO]
I L, ILT I
Dll = {Bl} [FvltBlr

O]
!
)



I T _ . I.T
Dlh} = {Blr

Solving Equation (C-8) for xI

( [FV][Bi] = {0} since [Bi] = (0]

x1 = (x5 Tiely - -lf— {B{}T{h} (C-9)
D11
where {XI}T = - __L_ {DI }T
DI 10
11

The first redundant xI can now be eliminated from Equation (C-6)
by usiing Equation (C-9).

1

T
Dy,

The force eqguation can also be written in terms of the second

(pr = (g + BLHXTD (£7) - (81181 (h) (c-10)

redundant as the unknown, giving

IT
0

II I, II

1{f 1 ¥

(p} = [B } + (B + [BiI]{h} (C-11)

Comparing Equations (C-10) and (C-11)

iBéI} = the first n-2 columns of [Bé] + {B$}{XI}T
{B{I} = the last column of [Bé] + {B{}{XI}T
T, _ 1 I.,.I,T
[Bh ] = 5 {Bl}{Bl}
II D‘ . I
{£77}) = the“%lrst n-2 elements of {(f}
xII = the last element of {fI}

The [BéI] and {B{I} matrices are defined exactly as in a iso-
thermal analysis with zero locads.
The second recursion can be continued by substituting

guation (C-11) in Equation (<C-4).

II

b= thy o+ (gt ety + (BT T+ (BT ihy) (c-12)

Now substituting Egquation (C-12) in Equation (C-5)

oI T, IT, T, .IT IT _TII IT.T _
{B] }o{h} + {Dlo} {£77) + D]y X + {Dlh\ {h} =0 (C-13)
II,T _ ,. II,T II
where {Dlo} = {Bl } [FV][BO )
~II IT,T IT,
Dy} {By" P (F 1{B]
IT, _ ,.II,T IT

C-3




The last expression above can be shown to be zero as

) follows:
I1,.II.T II
(B, [B] 17 (F,1(B "]
I I I.T.T 1 el I.T
([BOI + {Bl}{x 1) [FV](— BT— LBl}{Bl} )
11
. _xI,T I, 1 I.T I, oI,T I, 1 . I.T
= -[Bg) " [F_1{B]] . (B]) (X7 }(B]} [F ) (B]) BT~{81*
11 11
I pt
et e T oyt A2 DT o Dy sDT cixhy DT
= - 1 T 1 1 1
Dl P11
11
= [0]0]
. . II
Solving Eguation (C-13) for x
e e I s S R LY (C-14)
Dyy”

Substituting Equation (C-14) in Eguation (C-11)

(pt = (824 + eI o Ty (el v ity - Iy pIT Tin,
0 1 h 1 1 1
P11
(C-15)

Writing the force equation now in terms of the next redundant

ITIT, . III ITI

(p} = [By "1{E 7} + (B 111

}x + (B 1{h} (C-16)

Comparing Equations (C-15) and (C-16)

[BéII] = 311l but the last coclumn of [BéI] + {Bil}{XII}T
{B{II} = last column of [BSI] + {Bil}{XII}T

C-4

e



ITII I
Bo 1) = 8ih) - —2—aIT I

h h 1 1

II
D

III 11 II
{f } = all but the last element of {f "}

IIX

the last element of {fII}

]

The third recursion can now ke continued by substituting

Equation (C-16) in Equation (C-4)

{VIII} = {h} + [FV]([Bill]{ } + {BIII III + (B III]{h;)
(C-17)
Substituting Equation (C-17) in Equation (C-5)
(B III}T{h} + {DTII T{f + D{{IXIII + III}T{h} =0
(C-18)
" ITI,T _ III,T., III
where {Dl0 1= {Bl } lFV][BO ]
IIT  _ (gIINLT ITI,
Dll = {Bl [F ]{B
{D%EI}T = (B III}T[F ][BIII]

The last equation above can be shown to be zero as follcws:

T

(BILT|BITT) p p (a2TT)
T
11 IT,,,II,T II 1 II, . II,T
(8771 + (B1*30x70T) (R (IBT] - —3=(B] 3 (B 1)
11
= (85017 + xMyeINYY (F 1 (BT - (B BTN
D11
GIIT II I, II
Bgl1Tr 118l + (xM ey R ) (8]
II,T II, I TI,T
- [BO ] [FV]{Bl }—BTT—{Bl }
11
- M eI e ) I 11T
11




It has been previously shown that

(C-19)

IT)II,T _

(B, |B]7][F HBh ] = 10]0]
therefore, the first two terms in the above equation are zero,
giving

IT, II,T IT
(B, [BI 71T [F 1B, ]
= _pILT 1 II,T
= -18"17(F ) (877 5y (B
11
IT I1,T LII 1 II\7T
-{X }{Bl [Fv]tEl }ETT {Bl }
11
{DII} II
IRNCT LIPS & 3 SN 5 S S & 2.
= 1T {Bl } (X7} DII {Bl }
11 11
xMyeihT - xMyehT = oo
N . ITT
Soiving Equation (C-18) for x
I1T _ III,- _ 1 IITI.T
X = (g1l gffftBl } 7 {h}
11

Substituting Equation (C-19) in Equation (C-16)

I -
(py = (™11 + ITH DT Ty v (sl
1 . III,, III T
B-I—ﬁ {Bl }uBl }7) {h}
11
The recursions are continued until all redundants

(c-29)

-~
LT

eliminated. For instance, if there were only three redundants,

the next force equation would be

T
(p) = 8z1e™y + 1371 x™Yy 4 (8:V1 (h}
Since all redundants have been eliminated

v

{77} = X

(C-21)

(C-22)

- e



Therefore

Iv _ 111 _ 1 TI1I I1IXI.7 ,
{p} = [Bh 1{h} = ([Bh } —ITT {Bl }{Bl }7) {hi
D
11
_ I, _ 1 I, II,T 1 IIT,,,III. T
= ([Bh ] DII {Bl }‘Bl } BTTT {Bl }{Bl }>Y{ht
11 11
_ 1 I, IT 1 I1,,,II,T
= | ET~{B1}{Bl} STT {Bl }{Bl }
11 11
1 II1I 11,7 N
- ‘D—I'T—I- {Bl }{Bl PPy {h} (C-23)
11
It can be concluded that
2 1 i,,.1,T
{p} = (-] —— {BT}{BT} ){h} = [B ] {41} (C-24)
L 1 1 1 h
i=1 D
11
where
n . )
- 1 i i,7T ~
[B,) = -] = (B]}B]) (C-25)
i=1 D11

The means for evaluating Equation (C-25) has been incorpor-
ated into the Matrix Force/Displacement Program {Appendix B) as

follows:

1. 1In Part II (Recursion Analysis), Y. and {BY)
11 1

may be punched into cards during each recursion.
2. In Part VI (Initial Forces), this intermediate

output is reread and [Bh] is determined.

The procedure is illustrated for the simple bar structure
shown in Figure C-1l. The results are shown in Table C-1. The
"Internal Forces® in the table are the unit load matrix [B] and
can be used in Equation (C-2) to obtain the thermal displace-
ments at the load points. The "Displacements" shown in the

table are the isothermal flexibility matrix [Fd] and cannot be

used for thermal displacements. The "Initial Forces" are the

thermal unit loads [Bh] and can be used in Equation (C-24) to

calculate the internal forces due to the initial strains.




As a check on the validity of the recurrance wmethod, the
same structure was also analyzed by the direct method. The
program written for the check is shown in Table C-3. This
program is written in 1620 Fortran II and utilizes the IBM
System/360 Scientific Subroutine Package. The two special
subroutines NOZERO and MATPCH are listed. The remaining ones
were taken directly from the package. The results are shown
in Table C-2. All of the forces and displacements agree to
six significant figures.

The test panel was not used for this comparison because
the dimensions in the Fortran II program could not be made
large enough. The Farce/Displacement Program can, however, be
used for the thermal analysis of the test panel.

An initial stress analysis for the displacement method has
not been incorporated into the Force/Displacement Program.
Pestel and Leckie have derived an equation for this case
(Reference 5, p. 314) and the displacement analogy of Equation
(C-25) appears in their equation along with other known quantities.
Therefore, the Force/Displacement Program can be extended to

include displacement thermal analyses.
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Figure C-1. Structure for Initial Strain Example.
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S S 2

+00000000E-50
¢00000000E-50
«00000000E-50
¢ 00000000E-50
¢0000000CE=50

2 1
4 2

[5, I~ AVINR - S U R \ VIR A \ VIR
WWWMNHNDN - - —

INTERNAL FORCES

022524931 CO
¢ 40503980E 00
¢29320162E 00
¢94378202E~-01
-e22524931E 00

D1SPLACEMENTS

¢ 16201592E-04
-¢28313459E-05

EXAMPLE -

TABLE C-1

INITIAL STRAINS

MATRIX FORCE/DISPLACEMENT PROGRAM

FORCE METHOD - PARAMETERS

3 2 9

ELEMENT FLEXIBILITIES

«00000000E-50
¢00000000E-50
+00000000E-50
¢00000000E~-50
«000000Q0E~-50

NONZERO ELEMENTS IN B0

«10000000E Ot
-+10000000& 01

NONZERO ELEMENTS IN 81

+10000GOVE 01
=+80000000& 0O
¢60000000E 00
-¢80000000E 00
¢10000000E 01
~¢60000000E 0O
«80000000E 00
-¢60000000E CO
«10000000E 01

«17908264E 00
-+70783641E-01
~e26968L72E 00
~e62328940E 00
-+ 17908265 00

~e23313458E~05
¢ 1 8698682E-04

+0000000C0E-50
+00000000E~-50
¢00000000E-50
+00000000E-50
+00000000E~-50

+«00000000E-50
¢06000000E-50
«00000000E-50
+00000000E-50
«00000000E=-50

+50000000E-04
¢40000000E~-04
¢« 50000000E-04
+30000000E~04
¢« 50000000E-04




C

C

INITIAL FORCES

ROW 1

-¢14247019E
+S6312329E
0 1454G974E

-e59694215E

-+ 57529809E

ROW 2

«56312329¢€
—~¢1487400SE

«73300406E

+23594551E
-+¢56312329E
ROw 3

+14549974E

¢ 73300406E
-¢12072546E

< 5H9BYS242E
- +14%49973E
ROW 4

~e59694215E
¢« 235945S1E
«89895242€
-6 12557020E
+ 5969421 3E

ROW S

- ¢57529809E
-~256312329E
-+14549973E

¢ 5969421 3E
-+14247020E

0S5
04
04
04
04

04
05
0a
04
0a

04
04
0S
04
(1]

04
04
04
0S5
04

0a
04
04
04a
05

- w—p

TABLE C-1

R AU S S ——

(CONT INUED)




INTERNAL FORCES

1
2
3
4
S

¢ 22524929E+00
240503990E+00
¢29320158g400
¢94378200E~01
~e22524929E+00

DISPLACEMENTS

1
2

¢ 16201592E~04
~+28313463E-05

INITIAL FORCES

A e W —

~¢14247018E+05
¢56312330E+04
«14549972E4+04
-e59694208E+049
-e5752980SE+04¢

TABLE C-2

EXAMPLE ~ INITIAL STRAINS

GENERAL MATRIX FORCE ANALYSIS PROGRAM

¢ 17908262E+00
~+70783650E~01
~e26968568E+G0
~+62328950E+400
~¢17908263E+00

~¢28313465E-05
¢ 18698683E~04

¢56312330E+04 «14549972E+4+04
-¢14874003£+05 73300397E+04
«73300396E+04 -4 12072544E+05
¢ 23594549E+04 «B89895230£+04
—e56312320E+04 ~e14549973E+04

~eS9694208BE+04 ~e57529805E+04
e 23594552E+04 -¢56312320E+04
+B89E695231E4+04 -14549974E+04
~-e12557018E+05 ¢ 59694 209E+04
059694208E+048 ~e¢18247018BE+0S



OO0 O000N

TABLE C-3
GENERAL MATRIX FORCE ANALYSIS PROGRAM LISTING
GENERAL MATRIX FORCE ANALYSIS W1THOUT STORAGE COMPRESS]ON
EsLes COOK - JULY 1966
DIMENSIONS FV(LL+L)/2)+BO(LM)+sBI(LN) BITFVINL)+WGIO(NM)sDIT(NN),
ILWVIN) s MWV IN) o XINM) ¢ B1IX(LM) 4+B(LM) «BTFVIML)FDIMM)+BIDI11(LN),

2B1TINL) «BH(LL) +RWVI(L)

NOTE - FV AND BO ARE STORED IM BH,. THEREFOREs L MUST BE EQUAL TO
OR GREATER THAN 1+2M.

DIMENSION FV(325)+BU(50)+B1(125)+81TFV(125)+D10(10)+D11(25)
ILWVIS) sMWV(S5) e X(T10)1BIX(S0)4B(50)«BTFV(S0)eFD(4) e BIT(125)
2BID111(125)+BH(62S)RWVI(25)

EQUIVALENCE (H{1)FVI1)) s (BH(352)¢BO(1))+(BITFVIBIT)Ie(3:80)»
1(B1D111.8B1)

READ NQOes OF INTERNAL FORCESe. EXTERNAL FORCESs AND REDUNDANTS
READ 9004+L +MuN

REAC NONZERO ELEMENTS iN FV (SYMMETRIC FORM)
CALL NOZERO(FVesLoL 1)

READ NONZERO ELEMENTS IN BO (GENERAL FORM)
CALL NOZERO(BOsL +Ms0)

READ NONZERO ELEMENTS IN Bl (GENERAL FORM)
CALL NOZERO(Bls+L4N+O)

CALCULATE B1 TRANSPOSE TIMES FV
CALL TPRDI(S1+FVeB1ITFVaLeNeOs1lsLl)

CALCULATE D19 = 31 TRANSPOSE TIMES FV TIMES BO
CALL GMPRD(BITFV.BO«DI0O«NsL M)

CALCULATE D11 = Bl TRANSPOSE TIMES FV 11IMES Bl
CALL GMPRD(B1TFVsBl DIl eNeLcN)

INVERT D11
CALL MINV(DI1+NsDETILWVIMWY)

CALCULATE -X = D11 INVERSE TIMES 010
CALL GMPRD(D11+D10¢XsNeNeM)

CALCULATE B1 TIMES -X
CALL GMPRD (31 eXeB1XsLeNM)

CALCULATE AND PUNCH B =B0 - Bl (-X)
CALL GMSUB(BO+81X+BeL M)
CALL MATPCH(BeL «MyOcRWV)

CALCULATE B TRANSPOSE TIMES FV
CALL TPRD(B«FVIBTFVeLoMesOs1 L)




O

900

rn

200

TAELE C-~3 (CONTINUED)

CALCULATE AND PUNCH FD = B TRAWNSPOSE TIMES FV TIMES B

CALL GMPRD(BTFVeB+FDsMeL M)
CALL MATPCH(FD«MiMi0RWV)

CALCULATE 81 TRANSPOSE
CALL GMTRAC( . +B1TsLN)

CALCULATE B! TIMES D11 INVERSE
CALL TPRD(BITsD11+BID1I11¢NsL10s0eN)

CALCULATE ~BH = Bl TIMES D1i INVERSE TIMES BI
CALL. GMPRDI(B1D111+481T+8HsL sNL)

CALCULATE AND PUNCH BH = «BH(-1.0)
CALL SMPY(BHe~[e0eBHel oL +0)

CALL MATPCH(BHsL+L+OsRWV)

GO TC |

FORMAT(313)

ENC

SUBROUTINE NOZERO(AINMIiMS)
DIMENSION AC(1)

CALL SCLA(A+O0eOsNeMsMS)
READ 9004NO

DO 2 1TA=14+NO

READ 90041 4JeATY

CALL LOC(l+JelRsNsMsMS)
ACIRI=ALY

FORMAT (2i3+E18¢8)

RETURN

END

- L - —_——

TRANSPOSE
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C TABLE C-3 (CONTINUED)

SUBROUTINE MATRCHIAWNIMiMSR)
DIMENSICN Al 1)¢R(1)
IF(MS=2)20+10+400

DIAGONAL FORM

10 PUNCH 920
PUNCH 900+ (A(1)e]1=1sN)
RE TURN

GENERAL OR SYMMETRIC FORM

20 IF(M=-5)30-3Cs150
QUTRUT [N COLUMN =0ORMAT

30 PUNCR 920
D0 130 I=1N
CALL LGC(I+141R14NcMMS)
1IF{M=1)4800+E0+20

a0 CALL LOC(1+4241RZNsMMS)
IF(M=-21400+.20+38C

S0 CALL LOC(1+3+IRANMMS)
IF(M~3)4004¢100+560

60 CALL LCC(1484¢ 1R INIMiMS)
IF(M=4)4004+110+70

70 CALL LOC{!+SsIRS«NiMMS?
GO TO t1acQ

80 PUNCH 910+1¢A(1R1)
GO TO 130

90 PUNCH Q10+ 1+A(IR1)\A(IR2)
S0 TO 130

100 RPUNCH F10¢1+A(1R1)+A(IRZ2YIA(IR3)
GO TO !13¢C

110 PUNCH 91341 +A(IR1)IVACIRZ)IVA(IR3)vA(1RG)
GO TO 120

120 PUNCH 91041 cA(IR1IVA(IR2)«A(IR3)2A(1RA)A(IRS)

130 CONTINUE
RETURN

OQUTRUT IN ROwW FORMAT
180 DO 170 1=1.N

DO 160 Js) M

CALL LOC(! JeIR«NIiM¢MS)
160 R(J)Y=A(IR)

PUNCH 920
170 PUNCH 900+ (R(J)e =1 M)

RETURN

900 SORMAT(SX+5£15,8)
910 FORMATI{ISWSE1563)
920 FORMAT(1H )

END

H



APPENDIX D

ANALYTICAL PREDICTION OF THE TEMPERATURE
DISTRIBUTION IN AN INTEGRALLY STIFFENED PANEL

D.L. Hull

This report has to do with one phase of a research proiect
which is to conduct an analytical and experimental analysis of
an integrally stiffened panel subjected to combined mechanical
and thermal loading. The phase to be studied here will be
the analytical prediction of the temperature distribution which
would result from heating the edges of a panel which is cooled
on the upper and lower surfaces by forced convection. The

panel to be studied is shown in Figure D-1.

NUMERICAL ANALYSIS

To obtain a general idea of what the effect would be of
changing the gecmetry of the panel and the values for the co-
efficients of thermal conductivity and convective heat transfer,
a section was taken out of the panel which was one inch in
depth with the configuration shown in Figure D-2. This section
was assumed to have no heat flowing from the sides or the right
end (center line of the plate).

Making use of the symmetry of the panel, one-half of the
section was divided into 26 elements and finite difference
equations were written for the heat transfer. These equations
were programmed for the IBM 1620 digital computer and solved
for the temperasture distribution along the length of the section.
The program used was one which makes use of matrices for the
solution of simultaneous equations. The equations are of the
form shown below for element number one.

kAi kA

l' -~
T T T L A O T L

where: Ai is the area between adjacent elements perpendicular

to a line drawn between the elements

D-1




L is the distance between the elements

(1 =1 to 26) is the temperature of element i
T 1s ambient temperature

is thermal conductivity BTU/hr-°F-in.

h 1is convective heat transfer coefficient
BTU/hr-°F-in®
substituting the geometric variables the equation becomes

3 -
5 = 0

) (T,-T R

B Hy 2 B
h 7 (T-T;) -k () (§) (T,-T)) -k (D) () (T,-T;) -

0:([):11

Rearranging, dividing by k and setting T_ = 0 gives

hE  H . 3B
“ax tsg tag Tt

These equations can be written in the following matrix form:
(a] [T] = [R]

where: A is the temperature coefficients
T is the temperature
R is the applied heat

solving for T

1

[T] = [A] "[R]

The above equations were solved using thirteen different
sets of variables. One set of variables was selected as a base
and then various variables were changed and the results compared
with the results from the original set. This comparison gives
an indication of the effects of varying plate geometry and
coefficients of thermal conductivity and convective heat transfer.
These effects are illustrated in Figures D-3 through D-15.

The variables used in the thirteen cases were as follows:




o R QT v * S o < 1

=

>3 vo R S«

*k

*B
W

Set 1

= ,875 in.
= ,125 1in.
=C = .6 1in.
= 3.4 in.
= 8.0 BTU/hr-F-in.
= .167 BTU/hr-F-in.?%
= h2=h4=0
Set IV Set V
= ,875 *H = ,90
= ,125 *t = .10
= C= B = C=.6
= 3.4 W - .4
= 6.0 k = 3.0
= ,167 h3 = ,167
=h= — —_ —
2=y=0  hy = h,=h,
Set VIII Set IX
= ,875 H = .875
= .125 t = 125
= C=.750 *B = C=.50
= 3.4 W = 3.4
= 8.0 k = 8.0
= ,167 h2 = ,167
= h2=h4=0 hl = h2=h4
Set XII
H = .875
t = _12%
B = C=.60
W = 3.4
k = 8.0
* =
h3 .100
hl = h2=h4=0

Set II Set III
H = .875 H = .875
t = .125 t = .125%
B =C= .6 B =C= .6
W = 3.4 W = 3.4
k = 8.0 k = 8.0
= = 1
h3 .167 h3 167
* = = * = = =
h2 h4 167 hl h2 h4 .167
hl =0
Set VI Set VII
*H = ,750 H = .875
t = .125 t = .125
B = C= = C=
W = 3.4 *W = 3.0
k =8.0 k = 8.0
= h =
h3 167 h3 .167
hy = h,=h,=0 h, = h,=h,=0
Set X Set XI
H = .875 = .875
t = .125 t = .,125
= C=.60 = C=.60
W = 3.4 W = 3.4
k = 8.0 k = 8.0
* = * =
h3 .050 h3 .083
hl = h2=h4=0 hl = h2=h4=0
Set XII1I
H = .875
t = .125
B = .60
W = 3.4
k =28.0
* =
h3 .200
hy = h,=h,=0

* indicates the variable which has been changed.




The program used for the solution of the above sets of
equations made use of matrix inversion and multiplication.
This requires a large number of storage locations in the com-
puter and a considerable amount of computer time. The original
program written for this purpose had to be divided into four
separate programs soc as not to exceed the memory storage
capacity of the 1620. The first of these programs calculates
the constants to be used in the second and third programs which
calculate the non-zero elements of the coefficient matrix {Aa].
The fourth program inverts the matrix [A] and multiplies it by
the column matrix [R] (the heat added to the panel) to obtain
the temperatures of the twenty-six elements. The approximate

computer time for the four pregrams is shown below.

Program Input Calculation Print Punch
No. Time Time Time Time
1 1.5 min. .4 min. .05 min.
2 1.5 min. .3 min. .4 min.
3 1.5 min. <3 min. .4 min.
4 2.5 min. 15.3 min. 1.1 min.
7.0 min. 16.3 min. 1.1 min. .85 min.

This gives a total time fcr each run of approximately 25.25 min-
utes for each set, or a total time of approximately 5.5 hours.
The above two dimensional analysis gives a good indication
of what to expect in a three dimensional analysis. Making use
the fact that the panel is symmetric about the center lines
it was decided to use only one-fourth of the panel in the three
dimensional analysis. As a first attempt at obtaining the
temperature distribution for the quarter panel it was decided
that the same system wonld he used that was used for the twe
dimensional analysis. The quarter panel was divided into 364
elements, these elements were arranged in 14 sections of two
rows each with 13 elements in each row. This created 14 sets
of simultaneous equations which can be solved for temperature.
The temperatures obtained for a given section are dependent upon
the temperutures of the adjacent sections therefore, it is

necessary to make repeated iterations through all 14 sections

D-4




in order to obtain the correct temperature distribution. It
was found for this system that the temperatures for each
section had to be punched out by the computer then used to
find 14 new sets of column matrices {Rj (the heat supplied

to each section) then these column matrices were used to solve
for a new temperature distribution in the next iteration. Due
to the relative slow input/output procedure on the 1620 it
required approximately 35 minutes for a complete iteration of
the 3€¢4 equations and it was found after 30 iterations that it
would take an estimated 100 iterations before the temperature
would converge cn an equilibrium set of values, the time re-
quired for this would be excessive (approximately 50 hours)
therefore, it was decided to use another method to solve for
the temperature distribution.

For the second attempt at solving for the temperature
distribution the quarter panel was divided into 112 elements
as shown in Figure D-16, and finite difference equations were
written for these elements. Since the solution of a large number
of simultaneous equations by the matrix method was found to be
impractical on the available 1620, the Gauss-Seidel Iteration
method was chosen as a means of solving the equations. Using
this method and an IBM 1620 with 40,000 units of storage
instead of 20,000 units it was found that it required apnroxi-
mately 21 seconds for each iteration. This allows a large
number of iterations in a relatively short time as compared to
the method uc2d in the previous attempt. Using this system six
sets of variables were chosen to investigate the effects of
changing panel geometry and the convective heat transfer co-
efficient. These six sets are shown below. These six sets
of variables required a total of 596 iterations and a total

time of 3.6 hours.



Set I Set II Set III Set IV

A=17.70 *A = 9,70 A=17.70 A=7.70
B = 3.40 B = 3.40 B = 3.40 *B = 3.0
c= .30 C = .300 c = .30 cC = .30
D= .60 D = .600 D= .60 D= .60
E= 1.0 E= 1.0 E= 1.0 E= 1.0
t = .125 t = .125 *t = .10 t = .125
Q = 100. Q = 100. Q = 100. Q = 100.
k = 8.0 k= 8.0 k = 8.0 k = 8.0
h = ,167 h = .,167 h = .167 h = .167
Set V Set VI

A =17.70 A =17.70

B = 3.40 B = 3.40

cC = .30 c = .30

*D = ,750 D = .750

E= 1.0 E= 1.0

t = .125 t = .125

Q = 100. Q = 1CO0.

k = 8.0 k = 8.0

h = .167 h = .083

The results of the three dimensional analysis for Set I
are shown pictorially in Figure D-17 and the results for all
cases are tabulated in Table D-1.

Using the temperatures obtained from the numerical analysis
the problem of solving for the thermal stresses in the plate
due to these temperature distributions will be undertaken. After
this problem has been solved an experiment will be set up to
obtain the actual stresses due to a temperature gradient in the
nanel and machani 5 applied at various pwulnts on the

panel.
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Figure D-3. Temperature Distribution for Variable Set I.
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Figure D-~4.

Temperature Distribution for Variable Set II.
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Rows

Rows

|l e
W= OOVOT=I0 AT W V-

o
(XN N oA NNV B UV RNV 2

-
=

e
w o

1

166,73
178.18
186 00
191,31
163,93
12,80
1ol .02
191,30
164,11
179,56
16+ 430
1¢2,09

1

170.02
161.°27
160,65
105,01
168,58
199, 3l
19(»’ . 37
165,33
1o¢, 10
]H 21,

9,32
195.61
19G.23
200.73

TABLE D-1

Three-Dimensional Temperature Distribution

137,.09°
128,80
125471
127.°26
128,06
128,119
128,55
126.79
131,32
139.61
131,18
126,21
12¢,27
129,56

2

13¢.40
120,17
120.11'
120,17
130,58
150,66
ljﬂ.?h

140,32
132.00
:‘I" .Loc""
132,10
131,60
131..26
131.680

3

106433
02,72
b5.106
82.70
62.02
82.06
82.C9
gh. 72
90,66

101.23
G0.7T<
6h.67
82,92
62,36

3

107.58
¢1,70
8h .5G
82.G3
82.7
62,70
¢3.10
uh .51
90.15

_LU . 10
G0.19
8li.62
83.29
083.06

SET I
Columns
h

Ulelh
H8.70
“0.29
06,48
.2l
5h .96
55,60
50,06
63.9"
72470
63461
%7.97
55.149
SlL.61

sul II1
Columns

I

b2,.0b
qd.??
rde
F’,l ()"
sl
w .96
5701
' 300,!
73.“0
'3-05
59,97
Shl69
5l e 20

J

610 9)..‘»
53,01
hH.20
1 2.68
110.90
L0.33
ho.u3
h2,-9
ht .82
:2.;6
lléo?O
hee38
10.23
3G435

¢ 2"|f;
1,0l
Wlveh2
:0.G)
34435
30,00
3‘-'“
h1.29
e X4
P e 75
h~.0l
11,10
39,03
30.23

6

11¢,20
h6.01
153
3,70
3¢..29
3‘10""\“:
35.67
30,00
110.10
30459
3 .20
32! 07'6
33.065

hC, 32
2
3(‘0‘, C)
35.00
33.G3
31 on
38,20
3(0 7
3¢, 7%
370“‘
3Lh.G3
53.01
32410

7

,(30/(}
37455
32430
29,185
27 .38
).60{37
2"1090
28413
30.t9
3h.09
30.51
27065
2“.0[_;
25,132

113.95
3G.53
30.51
27.13
25436
)]1 7].

25.1l
2"‘, oéh
29473
15,80
2,03
2 o 36
2)10(‘1
23.62

30437
2!)0)10
23.23
21,57
20,85

ho.51
32,21
25,01
22,61
20,06
20431
20. t’\',(;
22,19
2ive93
30.12
254015
21,5l
20,27
1Coh.b




Row

Row

i
FwW iV HO W@ NE W N s

b b pd
FTMHUPJO\OCtsJOWnFTUAﬂHA

16l .37
195.h1
205.Ll
211,55
21h.93
216,10
215,18
211,93
205,85l
197.85
205,95
212,99
21{‘099
216.83

1

170.72
160,01
168.07
162,79
195,32
166,13
195,33
192.71
187,50
181,02
167.74
193,33
196.”2
197.82

2

1hc,08
13¢,69
133.26
133.76
13,74
135,32
135,)9
136,05
1ho, 0l
152,53
10,20
136,56
13' 033

136,85

2

1h2.h5
133,082
132.2L
133,10
133.86
134.26
13h,23
13).25
13.33
1h)i 10
13(’) oh-?
13h.61
13l .85
135,21

TABLE D-1 (Continued)

3

11}, 7)4
95.G7
05,79
82,52
81.668
81,76
82,6l
8§.h6
93.77

108.4!
93,06
650(-‘9
83.02
62.27

110, 2l
100.63
93.63
91.51
90.99
9i.0z
91,52
93.26
93,86
109.65
98,92
93.39
91.7
91.26

ST IIX
Columns

i

6'3067
69.80
56.83
5h.29
52.55
[;2.25'
53.22
§'17037
6l 3l
76.61
6he31
56.20
583.08

51,92

5

05400
53.21
.59
ho.26
33.16
37.K1
38,15
“.0052
,qu 0/5
53.76
h5.80
hd,.12
370;').1
36.36

J

72,60
b 3001
(55001
52.13
£0. 32
llgo 7}.1
50.25
52,20
CL L

we iy
63.15
6453
51.4l
19,61
ho.70

O

501
hé&oh €
11,08
37.16
3,76
33.98
35.39
37.76
3¢.h1
37.5)
367
32.71
31.72

6

'59002
54,93
50.06
7.2l
h5.06
hive1b
W v 7
h&.87
118,15
h9.77
“7097
h5.29
L2,)i9

Lh.%1
36.96
30.60
26,91
2. 87
2L..05
2,!033

25.79
28,92
33.27
28,71
25,23
2343l

Slie 37
,1(‘096
10,88
37.29
35,26
3b.52
3.8l
36433
3Felthr
,|30()2
39.2¢
35.082
33.92
33.06

!'10217
32.h5
2547
21.75%
1%.,02
19,10
19,013
21,00
2 5h
29,016
“le 39
20.53
10,56
17.77

51.17
L2.70
35497
32.26
30.3kL
29. \")1
29,97
31.50
35410y
39.97
3h.97
31.11
29.13
20,27




Row

Row
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176,77
181,83
19‘2 [ 15
196,65
199,16
200.07
169,48
197.23
132,70
167430
1°3,05
19& oOf"
200,89
202.19

1

2Lh2,67
252.75
261,81
26T.24
270.720
271.20
270,38
26T.51
261,82
254496
262,1L
268,33
271.80
273.38

2

].)llolc/)
130.h5
12:.,98
126.85
127437
127.79
120.06
126,01
132433
111.085
132,51
129.27
126,83
126.91

2

210.50
203.90
203.01
20“.0’.1
205.07
205,58
205 O(DO
205,60
20729
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